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pKa values of molecules and ions commonly encountered in organic chemistry. 


А —-—-————-——-——-——-———_ 


Acid Conjugate base DK, Acid Conjugate base pK, 
нао, Clo,7 —10 HCN CNT 9.2 
HI үт =9 | NH,* NH; 9.2 

*OH о ArOH ArO7 10 
TERR к=н =3 R—CH,NO, R—CH—NO, 10 
HBr Br —9 RNH;* RNH; 11 
H,S0, шо; 2 RSH RST 11 
HCI сі =7 "ZR "a 

*OH [e] сн e ов eic s сок 11 
МЕ = ciem = ae H 
ArSO3H ArsO,— —6.5 н;О, ird uu 

3 А PhNHCOR PhN—COR 13 

| | —6 CHOH а Кеш 15.2 
R—C—OR' R—C—OR' | 
H,O HoT 15.7 
n RCH,OH RCH,O7 16 
R—OTR' R—O—R' —3.5 | R,CH—OH R,CH—O7 17 
H R,C—OH R.C—O^ 17 
кон R—0—H -г | ? 1 _ нея 
H,0* њо sjy R—C—NH; R—C—NH 
HNO, NO," е dd PhCH,COR PhCH—COR {7 
ee a : ї i 20 
H3PO, НРО; 21 R—C—CH, R—C—CH,7 
HE F- зл | " б 
HONO NO7 3.3 | | _ 24 
Я RO—C—CH; RO— C—CH; 
ArNH; ArNH; 4 | Е 
нм, м d R—CH,CN R—CH—CN 25 
RCOOH RCOO™ g M HZC oo 25 
HCO, HCO,” єл PhNH; PhNH- 28 
HS HST 7 н; H 35 
ArSH ArS^ 7 NH; NH; 38 
Ес ou Ph— CH; Ph—CH,~ 40 

3 H3 CH; CH; | | b 43 

нн H | \4 P 

CH;—CH; CH,—CH- 44 
CH, CH,7 48 


Abbreviations: Ar =aryl; Ph 2 phenyl; R —alkyl. 


Functional groups and their IUPAC numenclature suffixes (Table 1.1). 
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neighbors. And while the study of a smaller portion of the periodic table might be ex- 
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en ORGANIZATION OF THE TEXT 


INDEX + A sound knowledge of structures, bonding, and stereochemistry—the three-dimen- 
sional arrangements and shapes of molecules—is required in order to understand the 
patterns of chemical reactivity. For that reason, this book begins in Chapters 1—4 with 
a detailed treatment of molecular structures. After Chapter 5, which describes some 
general aspects of chemical reactions, specific transformations are presented in the 
next several chapters. 

Spectroscopic methods are then covered in Chapters 13 and 14 (and used in sub- 
sequent chapters), with the emphasis in the first of these two chapters on nuclear mag- 
netic resonance (NMR) spectroscopy. Chapter 14 introduces other analytical methods 
and integrates a number of techniques for the elucidation of molecular structures. 

The topic of chemical synthesis constitutes a sizable portion of Chapters 15 and 16, 
with the latter focusing on enantioselective reactions. As with the spectroscopic meth- 
ods presented in the previous two chapters, synthetic methods are used throughout the 
remainder of the text. 

Chapter 17 summarizes the structures and reactions of aromatic compounds, and 
then the next several chapters present information about the reactions associated 
with the carbon-oxygen double bond, a structural feature of organic molecules that is 
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PREFACE 


pervasive in biochemical systems. Chapters 18-24 pay particular attention to chemical 
reactions that occur in nature. 

The final four chapters cover specific topics that make use of the basic structures 
and reactions that have already been presented. The closing two chapters describe the 
chemistry of amino and nucleic acids, which establish the background for subsequent 
studies in biology, biochemistry, and molecular biology. 


EXERCISES 


Rodger Griffin, Jr., who taught me organic chemistry, was fond of saying that organic 
chemistry was best learned by solving problems and not by reading chapter-by-chapter 
as one would do for a history or philosophy course. This text has many exercises in- 
corporated within the text as well as at the end of each chapter. Furthermore, this sec- 
ond edition has included many more examples (solved exercises) within the chapters 
so that students can see successful approaches to problem solving. The accompanying 
Solutions to Exercises book has the answer to every exercise; in many instances, the ap- 
proach needed to work toward the answer is included along with the factual solution. 


ТО ТНЕ 
STUDENT 


aS EE ES ET ETT 


“Organic Chemistry” at most colleges and universities carries the unfortunate status of 
being among the more difficult and demanding courses offered. With its position in 
the curriculum as the prerequisite for many upper level chemistry, biology, and phar- 
тасу courses, its negative repute is unrivaled. No wonder many students refer to this 
two-semester sequence as the “premed weed-out courses!” 

Your experience does not have to be that way, however. Below are listed several sug- 
gestions I make at the beginning of each semester aimed at maximizing my students’ 
success in this subject. 


* Go to class and participate. 


I have written as clearly about organic chemistry as I can, but let’s be honest— 
if you could learn this stuff on your own by reading the book and working ex- 
ercises, then you’re a whiz kid and going to class probably won’t matter. If you’re 
a typical student, however, verbal explanations will help, and that’s one thing 
that class is about. It’s also about seeing how problems are solved and how oth- 
ers look at them. Students who genuinely participate usually learn a lot. They 
also impress their professors, which can’t hurt. 


• Be prepared. 
Read the sections in the book that will be covered in class on a given day and 
think about how the material fits with what you know or have covered recently. 
Much of the material that you will learn in your organic chemistry courses is 
conceptually new—organic chemistry is nota repeat of general chemistry. If you 
have an idea beforehand about the key points of the topics being discussed, you 
will learn the material faster. On the other hand, don’t spend hours and hours 
reading and taking notes—organic chemistry is not an English or history course. 


* Study (even a little) every day. 

Easier said than done: I had many teachers tell me this when I was a student, and 
I myself have said the same thing to countless students. Does anyone listen? 
Maybe for about a week at the beginning of the semester. Then the pressures of 
life and your other courses get in the way, and you're back to cramming the 
night before an exam. I learned this lesson by experience: If you want to do well, 
studying one hour each day of a week is at least twice as good as studying seven 
hours once each week. 


Work the assigned exercises. 


Understanding organic chemistry is about seeing and learning the recurring 
patterns that correlate the many facts being presented. Those who see and learn 
these patterns—among structures, chemical reactions, molecular properties— 
usually do well. Those who don't (or can't) learn these patterns will struggle. 
Your brain may be wired in ways that make it difficult for you to see the under- 
lying design of organic chemistry. There's not much that can be done about this, 
but it doesn't mean you will fail—it just means that you may have to work harder 
than others in order to succeed. The best way to learn these patterns is to work 
problems. And then work more problems. And then work even more problems. 


The answers to many of the study exercises may not be obvious when you first 
read the problem. Do not give up quickly and do not consult the Solutions to Ex- 
ercises book without making a determined effort to solve the exercise on your own. 
Many people can read an answer and understand it. Don't be fooled into think- 
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TO THE STUDENT 


ing that you can solve problems because you understand the answers when you 
see them. Write the solution to each exercise on paper. Even if the answer seems 
obvious, writing it will help you remember and learn. Also, do several problems 
before you look at their answers. If you look up the solution as you do each ex- 
ercise, you may catch a glimpse of the answer to the next problem. The result is 
that you are not really working the next one. 


• Make flash cards. 


In addition to doing the study exercises, some students find it useful to make 
“flash cards,” especially to learn the many chemical reactions that you will have 
to commit to memory. A set of cards with important information makes it easy 
to review the course material while you're waiting for a movie to begin, sitting 
between classes, riding the bus, or any time during the day when you may have 
five or ten minutes to study. Organic chemistry is a cumulative subject. At the 
end of the semester, you will need to know material presented on the first day 
of the course just as much as you will need to know it for the first exam. А set of 
cards will be invaluable for review. NOTE WELL: Using flash cards prepared by 
someone else has limited benefit. Much of their advantage comes from having 
to think about structures and chemical reactions enough to prepare the cards. 


* Before an exam, get a good night of. sleep. 
Many of you will be expected to solve problems on exams that you have not seen 
before. If you have studied regularly, then being alert and relaxed is more im- 
portant than last minute cramming. If you haven't studied regularly, you're 
probably in trouble whether you're rested or not. So you might as well be rested. 


* Get help early, 


The sooner you realize that you're in trouble, the better. Go talk to your pro- 
fessor, a teaching assistant, or a tutor. Or forma study group. Some students find 
that other students can help them sort out confusing facts as well as anyone, and 
an added benefit is a measure of accountability to your peers. 


Iam always interested to hear from students about what works and what doesn’t. If 
you find factual errors or discussions that are confusing, please send me an email to let 
me know (sorreli@unc.edu). Such comments are important to keep this text evolving 
so that it is as useful as possible to its readers—you, the students. Sometimes the most 
innocent remark can make me understand where a student has lost the thread of 
thought that winds through the presentation of a particular topic, and it is that type of 
input that teaches me and helps me to teach others better. 


TO THE 
INSTRUCTOR 


eee 


As noted in the Preface to the first edition of this book, I became dissatisfied with many 
organic chemistry texts when I started teaching biochemistry. The same students who 
had done well in organic chemistry could not seem to remember even simple reactions 
related to the ones being covered in the biochemistry course. Yet I remembered, for 
example, covering the structures and reactions of carbohydrates, amino acids, and nu- 
cleic acids in the previous courses. I concluded that the text we were using had failed 
to associate the material shared by the two disciplines because the topics related to bio- 
chemistry were segregated within their own chapters and students had compartmen- 
talized the material they had learned, mentally labeling the information as “organic 
chemistry” or “biochemistry.” 

In writing this textbook, and especially this second edition, my goal has been to in- 
tegrate the information about many of the fundamental biochemical reactions with the 
corresponding transformations that are carried out in organic chemistry laboratories. 
Many who teach the biochemistry courses will give scant attention to the details of the 
chemical reactions that constitute metabolic processes, which I think is useful infor- 
mation to be learned by the students who hope to pursue a career in the health pro- 
fessions and who constitute the majority of those taking organic chemistry. The organic 
chemistry courses provide the best (and perhaps only) forum to make students aware 
of such details. I believe that this awareness can be facilitated by illustrating the paral- 
lels between biochemical processes and the simpler chemical reactions that are being 
discussed. Even if students cannot remember specific facts later, they will likely recall 
that such associations exist; and they will be more likely later to dig out their organic 
chemistry texts to review these topics when they want to understand a particular bio- 
chemical process at the molecular level. As most organic chemistry instructors know, 
the key for understanding chemical reactions resides in comprehending their mecha- 
nisms. Therefore, reaction mechanisms comprise the major organizational theme of 
this text, and their details are presented in order to illustrate and underscore the sim- 
ilarities between synthetic and biochemical processes. 

To develop these connections about chemical reactions, however, one cannot gloss 
over the facts about molecular structures, stereochemistry, and thermodynamics. 
Therefore, these topics are developed in the first five chapters of this book, and I trust 
they are presented with sufficient depth that students who intend to become organic 
chemists will not be shortchanged. Toward that same end of serving the future chemists 
in the organic chemistry classes, 1 have also included presentations of synthetic reac- 
tions that appear frequently in the current literature (e.g., the Misunobu, Swern, and 
Suzuki reactions) as well as topics such an enantioselective synthesis and molecular 
recognition. 


NEW TO THIS EDITION 


Based on the feedback given to me by hundreds of students as well as from the critiques 
of the dedicated reviewers listed in the Acknowledgments, several of whom taught 
their courses using the first edition of this text, I have made changes that are meant to 
make the material better organized and easier to understand. 1 estimate that one-quar- 
ter to one-third of the text has been completely rewritten. A substantial change in the 
content comprises the inclusion of more examples (solved exercises). 

As is often true of second editions, a number of the more specialized topics (and 
chemical reactions) that appeared in the first edition have been left out. Most no- 
tably absent is the first chapter of the previous edition, which provided a historical 
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perspective of organic chemistry. The current first chapter—on basic structures and 
nomenclature—still stands as the organizational pillar of structural chemistry for the 
book, but it has been modified by incorporating the strategies for naming compounds 
(which was Appendix A in the first edition) and eliminating the discussions of some 
types of groups that are better saved until later in the book (esters, in particular). 

The first chapter that concerns a specific type of chemical reaction (nucleophilic 
substitution) has been expanded and divided into two chapters in this edition (Chap- 
ters 6 and 7). In this way, alkyl halides and alcohol substitution reactions are treated 
separately, and some sulfur-containing molecules are now included in the chapter on 
alcohols. 

The oxidation reactions of alcohols have been removed from the chapter on elim- 
ination reactions (first edition), and a separate chapter on reduction and oxidation re- 
actions has been created here (Chapter 11). The information in this chapter also 
includes discussions about the reduction and oxidation reactions of alkenes, which 
were covered previously in a chapter about alkene addition reactions. Also, the chem- 
istry of dienes, including the Diels-Alder reaction, have been collected in a chapter 
separate from the one devoted to the addition reactions of simple alkenes. 

The order of topics in the chapters that present spectroscopic methods has been 
reversed from that in the previous edition, so nuclear magnetic resonance spectroscopy 
is now covered first. The subsequent spectroscopy chapter integrates the use of several 
techniques, including elemental analysis, for the elucidation of molecular structures. 

The chapter that introduces synthetic methods has been largely preserved from 
the first edition, but it is followed directly by the chapter on enantioselective synthe- 
sis (previously, these two chapters were separated by the spectroscopy chapters). The 
discussion of enantioselective reactions has been completely rewritten, and its em- 
phasis has been changed to encourage students to think about designing enantiose- 
lective syntheses without having to memorize a lot of details about specific reagents 
and conditions. 

The topic of aromatic compounds (benzene and its derivatives) has been moved 
(from Chapter 12 in the first edition to Chapter 17 in the second) with the material on 
polycyclic arenes combined with an abbreviated discussion of heterocycles in Chapter 
24. The presentations about diazonium compounds and nucleophilic aromatic substi- 
tution reactions, which were in the chapter on nitrogen-containing compounds (Chap- 
ter 23, first edition), have been incorporated into Chapter 17 (second edition). 

The chapters describing carbonyl compounds have been kept largely intact. The 
most significant change is the division of Chapter 17 (first edition) about aldehydes, ke- 
tones, and carbohydrates into two chapters in the current edition. The division has 
been made according to the reaction mechanisms involved (nucleophilic addition ver- 
sus nucleophilic addition—substitution), not according to the functional groups that 
are undergoing the reactions. 

The chapter on nitrogen-containing compounds (Chapter 23 in the first edition) 
has been parceled in this edition among several chapters, as appropriate. In contrast, 
the discussions of polymer chemistry, which were interspersed throughout the book in 
the first edition, have been collected to form Chapter 26 in this edition. Some basic 
presentations of polymerization processes have been left in the earlier chapters to show 
the mechanistic similarities to other fundamental reactions, but many of the details are 
developed in this later chapter. 

The final two chapters on amino and nucleic acids, including the topic of molec- 
ular recognition, are similar in style and content to those in the first edition. 
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Chapel Hill 1.5 NAMING ORGANIC COMPOUNDS 
CHAPTER SUMMARY 


The organic art of Hans Hoffman. Organic gardening. Frank Lloyd Wright’s organic 
style of architecture. Organic wines. The adjective organic became increasingly popular 
during the latter half of the twentieth century because of its association with the notion 
of life or naturalness regarding its subject. Similarly, the term organic chemistry was used 
during the early nineteenth century to describe the study of substances related to liv- 
ing, or once-living, organisms, a concept that grew out of the prevailing belief of that 
day in vitalism, the life-giving force of the universe. Those substances such as rocks and 
minerals that had no obvious relationship to living things were referred to as inorganic. 

With passage of time, the differentiation between living and nonliving substances 
became less clear as newly discovered chemical reactions could be used to interconvert 
materials. Consequently, scientists came to care more about whether chemical compounds 
had high or low melting points, were soluble or not in water, or were liquids, solids, or 
gasses. Using these criteria, chemists realized that molecules containing carbon share 
many similar properties. Gradually, organic chemistry came to be defined as the chemistry 
of substances containing carbon, the definition we currently recognize and use. 

The field of organic chemistry is extensive, encompassing structures and reactions 
of literally millions of molecules. It is an important area for study and research for 
many reasons, two of which warrant mention. 


1. The structures of organic molecules are well understood, so new types of com- 
pounds are readily prepared by rational approaches. This ability to make new sub- 
stances with predictable structures and properties is one aspect that sets organic 
chemistry apart from other branches of chemistry, physics, and biology. 


2. The essential processes of biology are chemical reactions of organic molecules. 
Studying biochemistry requires one to understand organic chemistry, a primary 
reason why many students—perhaps you—have chosen to study the subject. Learn- 
ing organic chemistry is a natural prerequisite for entry into many medical, dental, 
pharmacy, and graduate schools. 


This chapter presents some central concepts about the structures of organic mol- 
ecules and ways to depict them. In addition, basic rules of nomenclature are presented 
so that you are able to communicate with others about these substances. When you 
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Figure 1.1 
Representative structures of 
carbon-containing substances. 


Figure 1.2 
Representative structures of 
substances with elements in 
addition to carbon and 
hydrogen. Notice that each 
carbon atom forms four 
bonds and each hydrogen 
atom forms one. 
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have finished this chapter, you should be able to draw structural formulas, and you 
should be familiar with the general strategies required to interpret the names of many 
of the molecules that you will encounter in this course. 


1.1 STRUCTURAL COMPONENTS OF ORGANIC MOLECULES 


1.1a А Cargon Атом Forms Four BONDS TO NEIGHBORING ATOMS 
IN STABLE MOLECULES 


If you are unfamiliar with the electronic structures of atoms and how bonds are 
formed, you may be puzzled about the diversity of structures you see in this chapter. 
Chemists in the nineteenth century knew little about bonding, yet they performed and 
predicted the products of reactions readily. You can therefore assume that much can be 
learned without a detailed knowledge of bonding models, which are presented in the 
next chapter (Chapter 2). 

For now, it is sufficient to know that а carbon atom forms four bonds in a stable, isolable com- 
pound. This pattern exists because the shell of electrons around the nucleus of the carbon 
atom (and the other second-period elements N, O, and F) will be filled, hence stable, 
when eight electrons are present. Each bond has two electrons, so four bonds provide 
eight electrons. The bonds may be single, double, or triple, as illustrated in Figure 1.1. 


H н н H H 
| К | Ney: 
M PE Нет гн EG H—C=C—H 
H H H H H 
Methane Ethane Ethylene Acetylene 
Contains a carbon- Contains a carbon- Contains a carbon- 
carbon single bond carbon double bond carbon triple bond 


In a stable organic molecule, nitrogen usually forms three bonds to neighboring 
atoms, and oxygen normally forms two bonds. Except in rare instances, hydrogen and 
the halogens [fluorine (F), chlorine (Cl), bromine (Br), and iodine (D] form one 
bond to another atom. Figure 1.2 illustrates these trends. 


H H H 
Nitrogen: E d ПЕРА | 
normally forms three bonds i iE C M ima 
N H H H 
Ammonia Aminomethane Acetonitrile 
H H 
Oxygen: | X 
normally forms two bonds H—O—H ae OTN P omo 
H H 
Water Methanol Formaldehyde 
H H H 
Halogen atom (F, Cl, Br, 1): | \ / 
normally forms one bond H—C—Cl Ко 
H H Br 
Chloromethane Bromoethene 


lu —————————————————————————————————————— ——————————— ——— 


1.2 Structural Formulas and Condensed Structures 


1.1b A FUNCTIONAL GROUP Is A REACTIVE CENTER THAT CONTAINS 
HETEROATOMS OR A MULTIPLE CARBON- CARBON BOND 


Given the general bonding properties of atoms that constitute a variety of molecules, a 
survey of organic compounds would reveal features that are common among them. 
Four principal characteristics would emerge: 


1. All contain carbon, and bonds usually exist between two or more carbon atoms. 
2. Most contain hydrogen, often, but not always bonded to carbon. 


3. Many contain elements besides C and H. These are called heteroatoms, and the 
most common are oxygen, nitrogen, sulfur, phosphorus, silicon, and the halogens. 
Heteroatoms can form bonds with each other or with carbon. The bonds may be sin- 
gle, double, or triple. 


4. Most contain a functional group, which is defined as any group of atoms other than 
those with only carbon-carbon and carbon-hydrogen single bonds. Functional groups 
are normally the reactive portions of a molecule, and they range in complexity from 
the carbon-carbon double bond to groups with multiply bonded heteroatoms. 


For the sake of understanding the structures and reactions of organic compounds, 
you will need to learn the identities of common functional groups. Many, but not all, 
of the functional groups you will encounter in this text are listed and illustrated in 
Table 1.1. The condensed structures and the use of suffixes will be discussed shortly. 


EXERCISE 1.1. 


For each of the following compounds, name each functional group that is present. 


H HHO H HH 
1 | | I \ | 
но—с—є—с—с—0—н ose 
H H H H нн 
H H O SH 
D Ot 1 W^ Ls 
—t^ “С "o—cC-u н исх Н 
C^ WES 
| | ^н | Y / H 
=c, 2 C—H H kg 
/ м ATSH 
н н н H 


1.2 STRUCTURAL FORMULAS AND 
CONDENSED STRUCTURES 


1.2a CONDENSED STRUCTURES ELIMINATE THE NEED TO 
SHOW Every ATOM AND BOND IN A MOLECULE 


Drawing every bond between pairs of atoms, as in the structural formulas already 
shown, becomes tedious and cumbersome, especially in complex molecules. Fortu- 
nately, easier ways suffice to represent structures of organic compounds. A common 
way to simplify a structure is to express groups of atoms that are bonded together as a 
single entity, generating a condensed structure. 


CHAPTER 1 


The Structures of Organic Molecules 


1.2 Structural Formulas and Condensed Structures 5 


As an illustration, consider the following structure: 


Table 1.1 Functional groups and their IUPAC nomenclature suffixes. н н н 2 
Structure? Condensed structure Name Suffix^ "X UD сосн 
о ннн 
* | 
| =є=он COOH or —CO;H Carboxylic acid pesas m acid) All of the atoms have the normal number of bonds (C, four; O, two; and H, one). 
? Starting with the fragments that have only carbon and hydrogen atoms, which are 
—$—0H —soH Sulfonic acid -sulfonic acid calied hydrocarbon fragments, we condense them to methyl (СНз), methylene (СН»), and 
| methine (CH) groups, which are shown in Table 1.2. 
9 This first level of simplification gives the following condensed structures: 
о 
* | о о 
—C—O0— —COO0— or —CO,— Ester -oate (-carboxylate) 1 | 
CH3;—CH,—CH,—C—O—H ог  CH,CH,CH,—C—0—H 
о 
* | 
Ч —с—с! —cocl Acid chloride -oyl chloride Notice that we can show the bonds between the hydrocarbon fragments or we can leave 
о them out. Because we know each hydrogen atom forms only one bond, it is accepted 
* | . . f that the hydrogen atoms are attached only to the carbon atom on their immediate left. 
£ —C—NH; —CONH, Amide рх) The second level of condensed structures puts functional groups into their con- 
densed formats. These structures are listed in Table 1.1. For this molecule, therefore, 
* а 
b —с=м —CN Nitrile -nitrile | we would draw one of the following condensed structures: 
Е Ccarbonitrile) E CH3CH2CH7COOH ог — CH3CH;CHCO,H 
* | E 
—C—H —CHO Aldehyde -al (-carbaldehyde) & 
7 , ? 
[| sj] Table 1.2 Hydrocarbon fragments. 
—C— —с0— Ketone -one E | 
8| 
—OH —OH Alcohol or -ol | | Мате Structure Condensed form 
Phenol ——————————————— 
H 
10 —sH —SH Thiol -thiol | | 
i | Methyl =с=н —CH; 
/ H 
—N —NH; Amine -amine 
М \ 
i | 
Methylene eme —ÉH,— 
\1—с=с— —с=с— Alkene -ene J 
t)—c=c— —c=c— Alkyne -yne 
| | 
П 1 —0— —0— Ether ether Methine —C—H —CH 
н | | 
| ——————————— 
Sene ^h 
L a Ї | oO Benzene benzene* 
c [el 
AES e ————————————————————— 
эн i- 3 EXAMPLE 1.1 
H Represent the following structural formula in a condensed format: 
Functional groups with an * must appear at the end of a carbon chain or be attached to a ring. H нан 
‘The suffixes in parentheses are used in names of cyclic compounds. \ Lou 
"The benzene ring is a functional group, but its ring is also the carbon skeleton in many aromatic compounds as N—C—C—C—H 
explained in Section 1.3a. Pi | | | 
H ннн 
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First, convert the hydrocarbon units to their condensed representations. 
H cl 
\ 
N—CH,—CH—CH, 
/ 
H 


Next, express the functional group with its condensed notation. Any of the following 
would be acceptable: 


H;N—CH;—CHCI—CH; H;N— CH;—CH—CH; H;NCH;CHCICH; 


Notice that we write HN rather than МН» when the amino group appears on the left. 
The same holds true for alcohols (HO, not OH), carboxylic acids, (HOOC, not 
СООН), aldehydes (ОНС, not HOC or CHO), and thiols (HS). We can also write НС 
for a methyl group, but CHs is preferred. 


SE 1. 


See БУС] 


ЕХ Е 


Represent each of the compounds in Exercise 1.1 in a condensed format. For cyclic 
compounds, connect the condensed hydrocarbon units with bonds to form the ap- 
propriate size ring. 


uc He 

a. CH3CH,CHO b. | CHOH 
HC~ ch, 

C.  HSCH CHOCH; d. CH;CHBrCH;COOCH, 


1.2b HYDROCARBON FRAGMENTS May ВЕ REPRESENTED 
BY ANGLED LINES AND POLYGONS 


The propensity of carbon to form four bonds, coupled with the ubiquity of hydrogen 
in organic compounds, has led to an even more abbreviated notation than the one 
shown in Section 1.2a. Using lines for the carbon-carbon bonds and ignoring all car- 
bon-hydrogen bonds, we use an intersection of lines to define the position of each car- 
bon atom. Heteroatoms and hydrogen atoms attached to heteroatoms are written. 

As an example, consider the following molecule: 


rita 

oe NE H 2-Pentanone 
| 
ннн H 


We can draw a variety of condensed structures according to the procedure outlined 
in Section 1.2a, and several are shown in the following scheme. Make note that the ori- 
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entation of the structure on the page is not crucial, a point that will become clearer in 
subsequent chapters when you learn more about three-dimensional representations. 


Ї 
CH,—CH;—CH;—C—CH, CH,—CH;—CH,—C—CH, 
| 
i i 
CH4CH,CH,—C—CH; CH4(CHj); —C— CH, CH;CH,CH,COCH, 


The orientation of a structure on the page is not important; 
all of the structures and formulas shown here are equivalent. 


To condense the structures further, we omit the atom labels (C and Н) and draw 
lines for each carbon-carbon bond. The meeting point of two lines, which we draw to 
occur at an angle, represents the position of a carbon atom. Any heteroatoms (in this ex- 
ample, oxygen) are always shown. We know that each carbon atom forms four bonds, so 
we can mentally include the requisite number of hydrogen atoms at each position to 
complete the structure. Again, the orientation of the structures shown below is arbitrary. 


9 о Y's [S 
t 


At the end of the chain, only Only two bonds to the indicated All four bonds of this carbon 
one bond to the carbon atom carbon atoms are shown. The two atom are drawn. A double bond 
is drawn; the three hydrogen hydrogen atoms on each carbon counts as two bonds, 

atoms are not drawn. atom are not shown. 


At the beginning, you may want to place a dot at each carbon atom position, This 
measure will help you keep track of the carbon atoms while you learn to convert be- 
tween line and condensed structures. 


о о 7 
HC С 
A И Y^ "E ^н “ен 


CH, CH, 


There are instances in which it is helpful to include some of the carbon or hydro- 


gen atom labels. A specific case occurs when a functional group appears at the end of 
the chain. 


о 
| CHO CN 
wa b ie al i diuo 
Br 
Hydrogen atom shown. Condensed functional group notation used; 


other carbon atom positions indicated by angles. 


To represent compounds with a ring, we draw a regular polygon in which each ver- 


tex of the ring represents a carbon atom position. Functional groups attached to a ring 
are usually written out. 
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EXAMPLE 1.2 


Draw the line structure for the condensed representation given here: 
с d "COH 


First, indicate each carbon atom position, including the bonds between carbon atoms, 
leaving the heteroatoms and functional groups in place (below, a.). 

Finish by expanding the carboxylic acid group to show all atoms, and then add zero, 
one, two or three hydrogen atoms to each carbon atom to give each a total of four bonds 
(below, b.). 


н H 
И С и H b n 
c < “с SCH 
| | ! | " 
on ae МА a 
1 C^ N H 
cl с COH с A о 
н н | 
о 


EXERCISE 1.4 
Draw the structural formulas for each of the following condensed representations: 


a. b. 
CH; 


NH 7 cuo 
$o 


EXERCISE 1.5 


Draw a condensed structure for each of the following compounds: 


a. b. 
H 

mh i H c 

H—c^ “с 
| | CH3CH,CH,CH,—CH—CN 

"Feo 

н /\ 

H CH, 


1.3 SYSTEMATIC NOMENCLATURE: IUPAC NAMES 


Nomenclature is not the most interesting topic in any new subject you study, but to un- 
derstand what others are talking about, it is crucial to gain knowledge of the basic con- 
cepts. When you were learning to talk, your parents made sounds that you tried to 
imitate, even though it took months to construct words and sentences yourself. Like- 
wise, if you have studied a foreign language, you probably spent the first part of the 
course learning to imitate your instructor. In either case, it was more important at the 
beginning for you to understand what was said than to make statements yourself. If 
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your paren'e said, Don't touch the stove, that command was crucial to your safety. It is 
unlikely that you had to warn your parents about getting burned. 

So it is in your study of organic chemistry: It is initially more important for you to 
understand the names that appear in this book or are used by your instructor. For that 
reason, the emphasis in this chapter will be on interpretation of names. As you master this 
"new language", you will learn much about the structures of organic molecules. This 
knowledge will later be applied to assimilate information about chemical reactions 
when you encounter them. The process of naming molecules will follow naturally from 
learning how to interpret names. 

When learning nomenclature, you can easily become overwhelmed by hundreds of 
detailed rules. Focus instead on the basic pattern that underlies most of the compound 
names that you will encounter in this book. Because systematic names share the same 
formal construction, which is presented in Section 1.3a, you can easily learn how to in- 
terpret many names within a short period of time. Some of the more complex types of 
molecules as well as more detailed rules will be presented in later chapters. 


1.3a THE SYSTEMATIC NAME OF AN ORGANIC MOLECULE 
Is BASED ON THE NAME OF THE LONGEST CARBON 
CHAIN OR ON THE SIZE OF A RING 


In 1949, the International Union of Pure and Applied Chemistry (IUPAC) formulated 
rules for naming organic compounds. These IUPAC rules are most commonly used 
today. Insofar as possible, this book will use IUPAC rules and names. 

Before the IUPAC rules were accepted, trivial or common names were widely em- 
ployed, and many of these were incorporated into the IUPAC system. Because trivial 
names are still used (and are common in the older literature), you will need to learn 
many of them. This situation is analogous to that for languages, which can be either 
formal or colloquial. In written documents, the formal system is followed more strictly, 
but in speaking, colloquial words are used because they are often easier to say. 

The IUPAC name of an organic compound can be divided and allocated among 
four fields, a process illustrated in the chart below and discussed in subsequent sections. 


* The first field includes the names and positions of substituents. 
* The second field contains the compound root word. 

* The third field is what we call the multiple-bond index. 

* The fourth field defines the principal functional group. 


First field Second field Third field Fourth field 
(€ ^ Га ^ 7%, 1" kl 
Substituents Compound root Mulitple-bond Principal Functional 
index group 
Examples: 


4-Chloro-2-pentanone: 
4-Chloro- pent an 2-one 


2,3-Dimethyl-2-hexene: 
2,3-Dimethyl- hex 2-ene 


3,3-Diphenylcyclobutanol: 
3,3-Diphenyl cyclobut an ol 


2-Chloro-5-nitrophenol 
2-Chloro-5-nitro phenol 


3-Hydroxybutanal 
3-Hydroxy but an al 
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Table 1.3 Structures and names of alkanes with 1-20 carbon atoms. 

Alkane name Root word Structure Alkane name Root word Structure 

( Methane Meth- — CH, Undecane Undec- CH,— (CH — CH; 
3 Ethane CH,—CH; Dodecane Dodec- CH3— (CH) — CH; 
ё Ргорапе Ргор- CH,—CH;,—CH; Tridecane Tridec- CH,—(CHj4, — CH; 
1 Butane CH3— CH;—CH;—CH; Tetradecane Tetradec- CH34—(CH3),; - CH; 

€ Pentane Pent- CH4—(CH3 — CH; Pentadecane Pentadec- —— CH;—(CH,),3—CH 
$ Нехапе CH3— (CH3), — CH, Hexadecane Hexadec- CH4—(CHj)447 CH; 
7 Heptane Hept- CH3— (CH3); — CH, Heptadecane Heptadec- CH3—(CH3),5— CH; 
e Octane CH; —(CHj) — CH, Octadecane Octadec- СН. — (CH;),4— CH; 
q Nonane Non- CH3— (Сн); — CH, Nonadecane Nonadec- CH3—(CH2),7—CH3 
(Pecane сну (СН, СН, Eicosane Eicos- CH,—(CHj4s— CH; 


TEMM 


Start by identifying the root word, which derives from the longest continuous carbon 
chain in the case of aliphatic compounds. The term aliphatic originates from a Greek 
word for “fat”, the source of many hydrocarbons isolated in the 1800s. Today, we use the 
word aliphatic to refer to those organic compounds that have chains of carbon atoms. 
These chains can be straight or branched, but they lack rings. The root word in the name 
of an aliphatic compound is based on the identity of the corresponding alkanes, hydro- 
carbon molecules with only single bonds between atoms. The names and structures of 
the 20 simplest alkanes—those with unbranched chains—are shown in Table 1.3. 

The root words for compounds with rings are only slightly more complicated. Ali- 
cyclic (aliphatic cyclic) compounds, which have rings and a preponderance of single 
bonds, use the root word of the alkane with the same number of carbon atoms, but the 
prefix *cyclo* is inserted just in front of this root, as illustrated in Figure 1.3. 

Benzene is a cyclic compound that is the simplest member of the family of sub- 
stances known as aromatic compounds or arenes. Their distinguishing feature is the 
presence of apparently alternating single and double bonds within a six-membered 
ring. Figure 1.4a shows several ways to draw benzene. 

Many aromatic compounds are known by the common names given in Figure 1.4. 


» « 


The IUPAC system incorporated many of these common names, so “toluene”, “phenol”, 


> п o о OY 


Cyclopropane Cyclobutane Cyclopentane Cyclohexane Cycloheptane 


There is a CH; group at each vertex of the polygon. 


Figure 1.3 
Structures and names of cycloalkanes with three-to-seven carbon atoms. 
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a. H 
| H 
H C H 
х зс H H 
i 
H^ ^cÁ NH H H 
| H 
H 


Benzene, C,Hg, is the simplest of the “aromatic compounds." All of the structures 
shown above are equivalent. For the two structures at the right, a hydrogen atom 
is attached at each vertex of the hexagon. The significance of the circle within the 
ring will be discussed in more detail in Chapters 2 and 17. 


b. H 
H | H H H H CH 
“с MNT o^ o^ 3 
Toluene Aniline Phenol Anisole 


Just as for benzene, there is a hydrogen atom at each vertex of the hexagon that 
does not have another atom already attached. 


Figure 1.4 
The structures of benzene (a.) and of aniline, anisole, phenol, and toluene (b.). 


and so on are considered systematic names. The names of other arenes will be covered 
later, but for now concentrate on knowing the names and structures shown in Figure 1.4b 
and on recognizing the root word "benz", used for many of benzene’s derivatives such as 
benzaldehyde (CgH;CHO), benzoic acid (С%Н5СООН), and benzonitrile (CgHsCN). 


1.36 THe MULTIPLE-BOND INDEX SPECIFIES THE NUMBER AND TYPE 
or MuttipLe BONDS BETWEEN CARBON ATOMS 


In an IUPAC name, the multiple-bond index follows directly after the compound root and 
indicates whether double or triple bonds are present. If no carbon-carbon multiple 
bond is present, then the suffix “ane” (or “an”) follows the root. 

The suffix “ene” refers to the presence of a double bond between two carbon 
atoms (C=C), and "yne" refers to a triple bond between carbon atoms (C=C). A com- 
pound that has a carbon-carbon double bond is called an alkene, as a general class, 
and one with a triple bond is an alkyne. If the molecule has two double bonds, the 
word “diene” follows the compound root; for three double bonds, “triene”; and so on. 
Table 1.4 matches these suffixes with specific examples. 


Table 1.4 Suffixes for the multiple-bond index illustrated for compounds with four carbon 
atoms (root = but—). 


Suffix Meaning Example 

-ane No C-C double or triple bonds Butane CH3;—CH,—CH,— СН; 
1 2 3 4 

-ene One C-C double bond 1-Butene CH;—CH—CH;—CH; 

y uw 4 4 

-yne One C-C triple bond 1-Butyne H—CzzC— CH; —CH; 
1 2 3 4 

-diene Two double bonds 1,3-Butadiene CH,=CH—CH=CH, 


12 


CHAPTER 1 The Structures of Organic Molecules 


A multiple bond can appear anywhere within a chain of carbon atoms, so a nu- 
meral is often included in the name to specify at which carbon atom the double or 
triple bond begins. Figure 1.5 shows some examples. A molecule with no other func- 
tional group is numbered from the end that gives the lower possible number to the po- 
sition of the multiple bond. For a diene or triene, position numbers are given for each 
double bond. In a cycloalkene or cycloalkyne, the double or triple bond is assumed to 
start at Cl, unless otherwise specified. (Incidentally, carbon atom positions are, de- 
scribed using one of the following equivalent phrases: “at the 2-position”, “at C2”, or “at 
the number 2 carbon atom”. When the numerals are subscripts [e.g., C2H5], they refer 
to the total numbers of atoms.) 


== Е 


1.3 Systematic Nomenclature: IUPAC Names 


Some functional groups, by their very nature, must be at the end of the carbon 
chain because the carbon atom within the group already has three bonds to hydrogen 
or heteroatoms. Examples include aldehydes, carboxylic acids, and nitriles (an asterisk 
next to each name in Table 1.1 identifies these groups). Incidentally, the carbon atom 
at the end of a chain, whether part of a functional group or not, is called the terminal 
carbon atom. 

Some functional groups can be located at practically any position of a chain, so a 
numeral is added in those cases to specify its position, as was the case for multiple 
bonds. Ketones and alcohols are the most common functional groups in this category. 
This numeral immediately precedes the functional group suffix if a multiple bond is 
present; otherwise it appears in front of the root word. The following examples illus- 
trate names that have been separated into their parts (root, multiple-bond index, and 
principal functional group). 
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5 4 3 2 1 1 2 3 4 5 6 
CH4—CH;—CH;—CH-—CH; СНз С=С CH,—CH;—CH; 
1-Pentene 2-Hexyne i о 
—CH,—CH,—CH,—C—OH H—C—CH=CH—CH 
Б Сне Сна NÉ 12 3 4° 
H ee Pentanoic acid 2-Butenal 
265° 1 1 1 
l 4 2 і © 2 2 pent —5 carbon atoms but = 4 carbon atoms 
Ње. 3 ^C. ап = по multiple bonds (C-C single en = double bond, at C2 | 
ch, СН bonds only) al = aldehyde functional group, its 
oic acid = carboxylic acid functional group, C atom defines C1 
Cyclohexene Cyclooctyne its C atom defines C1 
Shown are two representations of this six-membered Cycloalkynes with fewer than eight carbon atoms 
ring compound. By convention, the double bond starts in the ring are not stable at room temperature. 
at carbon atom 1 (C1), so its position does not need to 9 
be specified in the name. 
CH,— CH; —C—CH;—CH;—CH; CH,—CzC—CH;— CH;—OH 
ciate ace 1 2 з 4 5 6 5 4 3 2 1 
Figure 1.5 
Examples of numbering in compounds with carbon-carbon double and triple bonds. 3-Hexanone 3-Pentyne-1-ol 
hex =6 carbon atoms pent=5 carbon atoms 
an=no multiple bonds (C-C single упе = triple bond, at СЗ 
bonds only) ol — OH group (alcohol), at C1 


one = carbonyl group (ketone) at C3 


Based on the structures in Tables 1.8 and 1.4 and Figure 1.5, draw structural formulas 
and condensed structures for each of the following alkenes and alkynes: 


When a functional group that is required to be at the end of chain is attached to a 
ring, then a different suffix is required (Table 1.1) because the ring's root word does not 
include the carbon atom of the functional group. Common groups in this category in- 
clude the aldehyde (suffix = carbaldehyde) and carboxylic acid (suffix = carboxylic acid) 
groups. The following structures illustrate how these suffixes are treated. Notice that the 
carbon atom in the ring at which this functional group is attached is designated CI. 


a. 3-Нехепе b. 4Octyne c. 1-Вшепе-3-упе d. Cyclobutene 


1.3c ТНЕ IDENTITY OF THE PRINCIPAL FUNCTIONAL GROUP APPEARS 


о 
АТ THE END OF THE COMPOUND’S МАМЕ EN ? #5 ү 
In the IUPAC system, the identity of the principal functional group appears at the end Ы (Yeon я ун 
of the name. Common suffixes for the functional groups were given in Table 1.1. Other 3 2 2 
functional groups may be present in the molecule as well, and these will be specified as Cyclohexanecarboxylic acid 2-Cyclopentenecarbaldehyde 


substituents. What constitutes the "principal" group is based on a priority ranking, and Em lopentsxaitind ofS carbòni atoms 
Table 1.1 is organized so that the highest priority group is at the top, and the lowest is yclohex = eh арав е M ge = double bond, at C2 

at the bottom. (Even though benzene is listed at the bottom of Table 1.1, its presence bonds only) carbaldehyde = aldehyde functional group 
in a molecule is reflected by the compound root word.) 


carboxylic acid = carboxylic acid functional group attached to the ring at C1 
attached to the ring at C1 
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EXERCISE 1.7 


What is the principal functional group in each of the following compounds? Draw the 
full and condensed structures of this generalized functional group, ignoring the com- 
pound root and substituents. 


Example: 3-Chloropentanoic acid. 


о 
Suffix = -оіс acid = carboxylic acid = -é =  —COOH 


OH 


a. 2,2-Dimethyl-3-hexanone b. 3-Methoxybenzaldehyde с. 2-Methyl-2-butanol 


A practical and common way to designate the part of the molecule other than its func- 
tional group is by use of R, which may be thought of as "the Remainder of the molecule". 
Similarly, Ar is used to designate an aromatic ring, usually a derivative of benzene. These 
symbols are used when you want to focus attention on a particular functional group, and 
the identity of the remaining structure is not crucial. Most of the time, R and Ar are used 
to represent portions of the molecule that contain only carbon and hydrogen, but other 
substituents (Section 1.3d) are sometimes also included, depending on the context. 


[9] COOH | 
H ^. cl i i eR 
| =R =Ar Оон 
CH; a 
R—CHO Ar—COOH R—OH 


This introduction to functional groups would be incomplete without specific ref- 
erence to the carbonyl group, which is the structural unit with a carbon-oxygen dou- 
ble bond, C=O. (“Carbonyl” is pronounced carbon-EEL.) Looking at Table 1.1, you will 
see several functional groups that contain the carbonyl group. The ketone functional 
group consists of a carbonyl group attached to two carbon-containing fragments. The 
aldehyde functional group has a carbonyl group attached to a carbon-containing frag- 
ment and a hydrogen atom. Several important functional groups are shown below in 
abbreviated format with the carbonyl group highlighted in color. Notice the use of R 
and R’, which means that the two “remainder” groups may not be the same. 


о о о o o 
b. ^w Л 
RR в “н R “о СОЛ R^ “ин, 
ketone aldehyde carboxylic acid ester amide 
EXERCISE 1.8 


Draw the following structures in the more general form using the label R or Ar in com- 
bination with the principal functional group. 


a. b. о с. а. 
сно он 
А Оен СЇ 
CH; 
CH; 


1.3 Systematic Nomenclature: IUPAC Names 


1.3d THE IDENTITIES AND POSITIONS OF SUBSTITUENTS ARE SPECIFIED 
IN THE FIRST FIELD OF A COMPOUND's NAME 


Substituents are atoms or groups that appear in place of hydrogen atoms attached to the 
carbon skeleton. The identities of the substituents constitute the first field of an IUPAC 
name, and their positions of attachment are specified by numerals. The carbon chain 
is numbered so that the functional group with the highest priority (Table 1.1) has the 
lowest number. If a substituent is attached to a heteroatom instead of the carbon skele- 
ton, its placement is denoted by the italicized N, О, or S, for nitrogen, oxygen, or sul- 
fur, respectively. 

Common examples of substituents are given in Table 1.5. When more than one of 
the same type of substituent is present, the name of the atom or group follows a prefix 
for that number of items: di = two, tri = three, tetra = four, and so on. (When the sub- 
stituents are more complex than those listed in Table 1.5, you will instead see and use 
the prefixes bis, tris, tetrakis, etc. Meanings are the same, e.g., di = bis = two.) Further- 
more, there must be a corresponding numeral for each atom or group. Thus, 


2, 2-Dichloro . . . (correct) 
but not 2-Dichloro . . . (incorrect: not enough specifying numerals) 
or 2,2-Chloro . . . (incorrect: prefix specifying two chlorine atoms is missing) 


Exceptions to the numeral rule occur when there is no chance for ambiguity, for 
example, when there is only one carbon atom that can be substituted by the specified 
group. Then, numerals are not needed, but a prefix is still required. For example, 


H 


| 


| 
Difluoromethane F=C—F 
H 


EXERCISE 1.9 
Correct any of the following names that are inconsistent. 


а. 2,3,4Hydroxyhexanal b. 2,2,4,4-Tetrachloropentane c. Triiodomethane 
ees 


Table 1.5 A summary of prefixes for common substituents. 
Ee 


Substituent Prefix Substituent Prefix 
—R Alkyl- (see text) —F Fluoro- 
—OR Alkoxy- (see text) o 

о "i Formyl- 
E" d Acetyl- M 

Yu, —OH Hydroxy- 
—NH, Amino- 4 lodo- 
—Br Bromo- —NO, Nitro- 
—COOH Carboxy- —SH Mercapto- 
= с Chloro- =0 Oxo- 
—C=N Cyano- -0 ) Phenoxy- 
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The following examples illustrate how the IUPAC format is applied to interpreting 
compound names. 


————————————————————————— 
EXAMPLE 1.3 


Draw the structural formula and condensed structure of 5,5-dichloro-3-hexanone. 


First, identify the compound root and draw the carbon skeleton. Root = hex (six carbon 
atoms). 


C=C CCE 


Next, translate the multiple-bond index. The suffix that directly follows the root word 
is “an” meaning that there are no carbon—carbon double or triple bonds. The suffix is 
“one”, which means that the compound is a ketone, and the numeral “3” indicates that 
the carbon-oxygen double bond of the ketone is at C3: 


if 
C—C—C—C=c=¢ 
1 2 3 4 5| Б 
cl 


Finish by adding hydrogen atoms to give each carbon atom a total of four bonds. 


ri Pigs [3T 
Us ow qm н = CH,—CH,—C a CH; 
нон нан а 
EXAMPLE 1.4 


Draw the structural formula and condensed structure of 3-hydroxybutanoic acid. 


The compound root is “but” (four carbon atoms), and the multiple-bond index is “an”, 
which means that there are no carbon-carbon double or triple bonds. The suffix is “oic 
acid”, so the compound is a carboxylic acid. The carboxylic acid functional group has 
to be at the end of the chain, and any principal functional gr oup at the end defines the 
1-position with its carbon atom. 


o 


| 
C—c—c—c C—C—C—C—0H 
4 3 2 1 


Next, we place the substituent, in this case the hydroxy group (OH), at the 3-position: 


M OLDER EE 
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The last step is to add hydrogen atoms to give each carbon atom a total of four bonds. 


ie Po 7 
HR oP pe = CH,—CH—CH;—C— OH 
ннн 


ЕХЕКСІЅЕ 1.10 
Draw the structural formula for each of the following compounds: 


a. 4Fluorobutanal b. 3-Mercapto-2-pentanol с. Trichloroethanenitrile 


EXAMPLE 1.5 


Draw the structural formula and condensed structure of Nchloro-2-propenamide. 


The compound rootis “prop” (three carbon atoms), and the multiple-bond index is “en”, 
which means that the compound has a carbon-carbon double bond, which starts at C2. 


C—C—c С—С 
3 2ч 


The suffix is “amide”, so the compound is an amide (also called a carboxamide), which 
has a carbonyl group attached to a carbon-containing fragment and a nitrogen atom. 
The amide functional group must be at the end of the chain, and its carbon atom de- 
fines Cl. Next, place the substituents. A chlorine atom is attached to the nitrogen 
atom, as indicated by the letter Nat the beginning of the name. A numeral would ap- 
pear if the chlorine atom were attached to one of the carbon atoms in the chain. 


i 
C—C—C—N CmC—C-—N--CI 
a u 1 3 2 1 


The last step is to add hydrogen atoms to give each carbon atom a total of four bonds 
and to the nitrogen atom to give it three bonds. 


| | 
H—C=C—C—N—Cl = H,C—CH—C—NH—CI 


EXERCISE 1.11 
Draw the structural formula for each of the following compounds: 


а. 3-Oxopentanoic acid b. 2-Nitropentanal c. 4-Hydroxy-2-hexyne 


——— —M——M——M— 


1.3e THE PLACEMENT OF SUBSTITUENTS IN CYCLIC COMPOUNDS 
DEPENDS ON DEFINING A STARTING POINT FOR NUMBERING 


In an aliphatic compound, numbering starts at the end of the chain that gives the prin- 
cipal functional group the lower possible number. Numbering is done in such a way 
that the functional group, multiple bonds, and substituents have the lowest numerical 
values possible. For example, 
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| 1 
H3C— CH2-CH—CH;—C—H H;C—CH—CH,—C—CH; H,C=CH—C—CH,—CH, 
5 4 3 2 1 5 4 3 2 1] 5 4 3 2 1 
1 2 3 4 5 iz d 4 5 1 2 з 4 5 
3-Pentenal 4-Penten-2-one С 1-Penten-3-one 
Numbering from the right end Numbering from the right end The principal functional group 
gives the principal functional gives the principal functional is at the same position whether 
group a lower number group a lower number the chain is numbered left to 
right or right to left; numbering 
from the left end gives the 
double bond a lower number, 
however. 

A ring, whether it is alicyclic or aromatic, has no “end”. Therefore, numbering 
starts with the position at which the principal functional group or a substituent is at- 
tached and proceeds around the ring. The direction of numbering is the one with the 
lower number at the first point of difference. Placement of the other groups is defined 
relative to the starting point, as illustrated by the examples in Figure 1.6. 

Cs A „ОН Cg AOH 
il Bra 2 — Вг, 5 
6 
4 A 4 D ТУ» 
H NH; Š NH, á " 
5 2 
2-Amino-5-chlorocyclohexanol 3-Bromocylopentene 
The principal functional group (alcohol) The presence of the double bond defines 
defines C1. Numbering is clockwise C1. Numbering is counterclockwise because 
because 1,2,5 is lower than 1,3,6. carbon atoms in multiple bonds are numbered 
consecutively. 
CH; CH; 
~ Ac ва 
7 4 6 - 2 T 
1 ч 5 3 
3 5 
Br S 4 4 
NO, NO, 
1-Bromo-4-chlorocycloheptane 2-Chloro-4-nitrotoluene 
When only two substituents are present The methyl group of toluene, which is the 
Figure 1.6 and there is no principal functional compound root, defines C1. Numbering is 
group, the substituent that appears clockwise because 1,2,4 is lower than 1,4,6. 


Examples of numbering 
patterns in cyclic compounds. 


first alphabetically defines C1. 


EXERCISE 1.12 
Draw the structure for each of the following compounds: 


a. 2-Bromobenzoicacid b. 3-Fluoro-2-cyclohexenone с. 3-Chloro-4nitrophenol 


ТА CONSTITUTIONAL ISOMERS AND 
HYDROCARBON SUBSTITUENTS 


1.4a STRUCTURES OF CARBON-CONTAINING SUBSTITUENTS ARE DIVERSE 


Until now, substituents in the examples have mainly been groups containing het- 
eroatoms. To deal with substituents that contain carbon, you also have to begin to 
learn about isomerism. Isomers exist whenever a molecular formula can be repre- 
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CH; 
Skeletal isomers CH3—CH;—CH;—CH; CH3—CH—CH; 
Butane: C,H, 2-Methylpropane: С.Н, 
OH 
Positional isomers CH3;—-CH,—CH,—OH RA E 


1-Propanol: C;H,O 2-Propanol: С,Н;О 


CH4,—0—CH GST. 
Functional isomers S 2 сз Сә OH Dee 
Dimethyl! ether: C,H,0 Ethanol: C;H,O Figure 1.7 
Types of constitutional 
isomers 


sented by different arrangements of the constituent atoms, and Figure 1.7 summarizes 
three types of constitutional isomers, which are isomers having different connectivities 
between neighboring atoms. The three categories of constitutional isomers are skele- 
tal, positional, and functional isomers. 

Related to the concept of isomerism is the classification of carbon atoms with four 
single bonds as primary, secondary, tertiary, and quaternary. A carbon atom attached to 
only one other carbon atom is a primary carbon atom, which we designate 1?. A carbon 
atom attached to two other carbon atoms is secondary (2?); to three other carbon 
atoms is tertiary (3°); and to four carbon atoms, quaternary (4^). 


H H R R 
D i UE ER н "P "T 
н | к к R 

Methane | 1 2 3 4 


| А carbon atom with four single bonds that is attached to no other carbon atom is des- 
ignated methyl, methylene, or methine according to the number of attached hydrogen 
atoms (three, two, and one, respectively). a ee M era 


н н а H 
H—C—SH F—C—F 


| | 
dee Methyl d Meifiiens 


| | 
CI—C—0-—C—H 


| | 
( | ~ methyl 
Methine 


Notice that within a carbon chain, a СНз group can be designated as either methyl or 1°, 
depending on the context. Likewise, a СН» group can be labeled either methylene or 
2°; and a CH group can be identified as either methine or 3°. 


Methyl or 1° CH. Methylene or 2? 
i d 


CH;—C—CH,—CH, 
| Methyl or 1° 
Methine or 3° 


The terms primary, secondary, and tertiary can be applied to other substances, too. 
For amines and amides, these words are used to indicate how many carbon-containing 
groups are attached to the nitrogen atom. И m 


20 


Ammonia 
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о H H о R 
R H R H R R NN f \ / \ РА 
PA РА 
^N “м “к Ум C—N —N 
| | | ZON / / 
H R R R H R R R R 
1? Amine 2° Amine 3° Amine 1° Amide 2° Amide 3° Amide 


EXERCISE 1.13. 


For the carbon atoms with four single bonds in the following structures, classify each 
as 1°, 2°, 3°, or 4°. First, expand each structure to show all of the hydrogen atoms. 


a. b. 
Br 


о A 


[e] 


1.4b THE NAMES OF CARBON-CONTAINING SUBSTITUENTS ARE DERIVED 
FROM THE NAMES OF THE PARENT HYDROCARBONS 


The simplest carbon-containing substituents are alkyl groups, formed by removing a hy- 
drogen atom from an alkane. For example, removing a hydrogen atom from methane 
creates the methyl (often abbreviated as Me) group. Removing a hydrogen atom from 
ethane generates the ethyl (abbreviated as Et) group. Taking a hydrogen atom from 
the end of any alkane chain yields a “straight-chain” alkyl group. 


CH, —- CH,— CH;,—CH;—CH; —> CH;—CH,—CH,— 
Methane Methyl Propane Propyl 


CH,—CH, —* CH;—CH,— CH;CH;CH;CH;CH;CH, —— CH;CH;CH;CH;CH;CH,— 
Ethane Ethyl Hexane Hexyl 


Ifan alkane has three carbon atoms or more, then isomeric alkyl groups can be made. 
Taking a hydrogen atom from the C1 of propane gives the propyl (Pr) group. Removing 
a hydrogen atom from C2 yields the 2-propyl or isopropyl (iPr) group. The IUPAC system 
includes both propyl and isopropyl. Notice that the prefix “iso” is not italicized. 


i 
CH;—C—CH, 
CH;,—CH;—CH;— | 
Propyl 2-Propyi 


(or Isopropyl) 


Among substances with four carbon atoms are examples of alkane isomers: butane 
and isobutane (IUPAC name: 2-methylpropane). Isobutane is an example of an alkane 
with a branched-carbon chain. While alkanes are normally named according to IUPAC 
rules, terms like "isobutane" are still commonly used. 


CH; 
CH,—C—CH; 
CH4— CH; —CH;— CH; | 
Виїапе isobutane 


(2-Methylpropane) 


1.4 Constitutional Isomers 
4 CH; yis 
CH4—CH;-—CH;—CH;— CHa— CHi — e — cH um m i E 
H 
Butyl 2-Butyl or sec-Butyl 2-Methyl-1-propyl 2-Methyl-2-Propyl 


(or Isobutyl) (or tert-Butyl) 


Figure 1.8 
Structures of the alkyl groups derived from the butane isomers. 


The result of this carryover is that alkyl groups generated from alkanes with four 
carbon atoms are frequently called butyl, isobutyl (the isomer derived from removing 
a hydrogen atom from the primary carbon atom of isobutane), secbutyl (sec stands for 
“secondary” to indicate removal of a hydrogen atom from the 2° carbon atom of bu- 
tane), and dertbutyl (¢Bu; tert stands for “tertiary”). Figure 1.8 shows the structures of 
these isomeric alkyl groups. Notice that he prefixes "sec" and "tert" are italicized. 


SOU EEE e 
EXAMPLE 1.6 


Draw the structural formula of 3-ethyl-2-hexanone. 


The compound root is “hex” (six carbon atoms), the multiple-bond index is “an”, 
which means that there are no carbon-carbon double or triple bonds, and the suffix is 
“one.” The compound is a ketone, and the carbony! group is at C2. 


We place the substituent, an ethyl group, at C3. The structure is completed by adding 
hydrogen atoms until each carbon atom has a total of four bonds. 


1 1 
H,C—CH,—CH,—C—C— CH, 

H,C—CH; H,C—CH, 
a 
EXAMPLE 1.7 


Draw the structure of 3-tert-butyl-2-cyclohexenecarboxylic acid. 


The compound root is “cyclohex” (six carbon atoms in a ring), and the multiple-bond 
index is "en", which means a carbon-carbon double bond is present, starting at C2. 
The suffix is "-carboxylic acid," so the compound is a carboxylic acid, with the -COOH 
group attached to the ring. Its point of attachment defines C1 of the ring. 


At C3, we place the substituent, а tert-butyl group. The structure is completed by adding 
hydrogen atoms until each carbon atom has a total of four bonds. 
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о 
. l "LU 

5 j Sol H Cor 
$ H 

4 2 
3 H H 
нс“ | “CH; нс “сн; 
з єн; 


EXERCISE 1.14 


Draw the structural formula for each of the following compounds containing alkyl 
group substituents: 


a. Isobutylbenzene b. 3-ter-Butylhexanol c. 3-Ethylcyclopentanone 
—————————————————— 


If an alkyl group has substituents itself, its name is set apart from the root name of 
the parent compound by enclosing it in parentheses. We deduce its identity by finding 
its root name and its substituents, just as we do for the parent compound. The follow- 
ing example illustrates this procedure. 


EXAMPLE 1.8 
Draw the structure of 3-(2- chloroethyl)-2-heptanol. 


The compound root is “hept” (seven carbon atoms), the multiple-bond index is *an", 
which means no carbon-carbon double or triple bonds, and the suffix is “ol.” The com- 
pound is an alcohol, a functional group that can be attached to any carbon atom; the 
“2” in front of the root word tells us the OH group is at C2. At position 3, we attach the 
alkyl substituent, "X" ( = 2- chloroethyl). 


OH X OH 


| | 
c—C—C=C—¢=—c—C c—¢—C—c—c—c—c 
7 6 5 4 3 2 1 7 6 5 4 3 2 


1 


Now, interpret the name of “X”. Its root is “eth” (2 carbon atoms), and itis attached to the 
main chain at its Cl by convention. A chlorine atom is attached at C2 of this side chain. 


с са 
zil | 
, í 
с—с—с—с—с g c c—c i 
OH OH 


Finally, we add hydrogen atoms to every carbon atom to give each a total of four bonds. 


CH,—CH,Cl 
CH;—CH,—CH,—CH,—CH CH; 
OH 


ee 
EXERCISE 1.15 


Draw the structure of 2-(1,1-dimethylpropyl) hexanoic acid. 


1.4 Constitutional Isomers 


Related to the alkyl groups are alkoxy groups, which comprise an alkyl group at- 
tached to the main compound framework through an oxygen atom. The names of 
these substituents are generated by inserting “oxy” after the alkyl root name. 


CH,— Methyl CH;—O-— Methoxy 
CH;CH,— Ethyl CH,CH;—O-—  Ethoxy 
(CH3;CH— Isopropyl (CHj;CH— О —  Isopropoxy 


EXAMPLE 1.9 
Draw the structure of 3-methoxy-4-pentenal 


The compound rootis "pent" (5 carbon atoms), the multiple-bond index is "en", which 
means a carbon-carbon double is present starting at C4, and the suffix is “al.” The com- 
pound is an aldehyde, a functional group that must be at the end of the chain. 


nens " осн, о 
с=с—с—с—с—н CH,— CH—C—CH,—C—H 
5 4 3 2 1 | 

H 


1.4c NAMES OF UNSATURATED SUBSTITUENTS ARE DERIVED 
FROM THE NAMES OF THE CORRESPONDING ALKENES, 
ALKYNES, AND ARENES 


Carbon-containing substituents are not limited to those with only four single bonds to 
the carbon atoms: multiple bonds can also be present. First, realize that a carbon atom 
that forms a multiple bond cannot be designated as 1°, 2°, 3°, or 4°. Instead, as shown 
below, these carbon atoms are identified according to the functional group of which 
they are part. A carbon atom in a carbon-carbon double bond is termed an alkenyl (or 
vinyl) carbon atom; in a triple bond, an alkynyl carbon atom; and in a benzene ring, an 
aryl carbon atom. The following examples illustrate the use of these terms, along with 
the designations for the carbon atoms that have only single bonds. 


A Alkenyl H H Nitrile LOU Alkynyl 
H о carbon Dod carbon сн сагбоп 
| j atoms je atom |? atoms 
HE tar CH H-Q Сам сн,—с-с==сн 
= ( 
ннн / \ 2° i H 
Aldehyde H H 3° 


arbon atom sm ae 
dn Aryl carbon atoms (6) 


The simplest substituents with multiple bonds have names incorporated into the 
IUPAC system from common names: vinyl, allyl, phenyl, and benzyl, which are sum- 
marized in Figure 1.9. These are treated in a name in the same fashion as alkyl groups. 
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jure 1.9 

nmon names of 

aturated hydrocarbon 
stituents and the 
lrocarbons from which they 
ive. Notice that benzyl is 
derived from benzene but 
лег from toluene. 
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H H H H H H H H 
N РА \ / x / м 2/ 
с=с C=C С=с с=с 
/ \ / \ / \ / \1 
H H H H CH; H CH;— 
Ethene Vinyl or Ethenyl Propene Allyl or 2-Propenyl 
H H H H H H H H 
On aus Oar 0-9 
H H H H H H H H 
Benzene Phenyl Toluene Benzyl 


EXAMPLE 1.10 


Draw the structure of 3-vinylcyclohexanone. 


The compound root is “cyclohex” (six carbon atoms), and the multiple-bond index is 
“an”, which means no carbon-carbon multiple bonds. The principal functional group 
is a ketone (one), which in a ring defines C1. 


At position 3, we attach the substituent, which is the vinyl group. We finish by adding 
hydrogen atoms to give every carbon atom a total of four bonds. 


H H 
| 2 | HH 
H, cz e o Hue LC 20 
T a ED 
H 4 6 Heo He 
5 H, 


EXAMPLE 1.11 


Draw the structure of 3-phenylcycloheptene. 


The compound root is “cyclohept” (seven carbon atoms in a ring), the multiple-bond 
index is “ene”, which means a carbon-carbon double is present, starting at Cl. 


A phenyl (Ph) group is attached at C3. Hydrogen atoms are added to give each carbon 
atom four bonds. 
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H; m 
нс “сн сн 
yi ZH H ње \ ZH 
нс, E: T не SS 
= Р 
А N А С, 
H H H 
H H 
H 


EXERCISE 1.16 


Draw the structural formula of 3-allyl-5-chlorobenzoic acid. 


1.5 NAMING ORGANIC COMPOUNDS 


Having seen how IUPAC names can be interpreted by translating each portion of a 
name, you are now in a position to write the name of a compound given its structure. 
The steps in the naming process follow: 


1. Identify the principal functional group, which is defined by the priority listing given 
in Table 1.1, and choose the suffix that will appear at the end of the name. 


OCH; 
Example: COOH = oic acid (suffix) 


Example: nd = carbaldehyde (suffix) 


The longest carbon chain that also contains the principal functional group is then iden- 
tified, and its name becomes the compound's root. If the compound is cyclic, then 
the ring connected to the principal functional group is chosen as the root. 


ә 


осн; 
Example: Бу = 6 carbon atoms = hex (compound root) 


Example: ud ad = 5 carbon atoms = cyclopent (compound root) 


3. The chain or ring is numbered in such a way that the principal functional group is 
attached at (or is part of) the carbon atom with the lowest possible number. In a 
cyclic compound, the next priority comprises the positions of multiple bonds. 


poh A, CHO 
Example: A8, А. соон Example: NOYC 
6 4 2 
3 2 


Numbering can be a problem when no high priority group is present. In such a case, 
the numbering scheme chosen is the one with the lower number at the first point of 
difference. In the following example, 1, 2, 4 < 1, 3, 4 (2 lower than 3) and 1, 2, 4« 1, 
2, 5 (4lower than 5) so the name is 2-bromo-1-chloro-4-methylcyclohexane. 
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С | СІ 
Ехатріе: {Br " 2 Br 4 Br 
1 
4 
4 5 1 
CH, CH; CH, 
1,2,4 1,2,5 1,3,4 


4, Once the order of numbering is defined, then the designation of the appropriate 
multiple-bond index is inserted between the root word and the functional group 
suffix. If necessary, a numeral is included to indicate at which carbon atom the 
double or triple bond begins. 


OCH; 


Example: AAA ООН = No multiple bonds = an 


= hex/an/oic acid 


5 3 
6 4 2 
Bra A__CHO 
Example: $ д = One double bond = en (starts at C2) 
= 2-Cyclopent/ene/carbaldehyde 
3 —2 


5. Finally, the substituents are specified by appending the appropriate prefixes and 
numerals to the name. 


OCH; 
Example: pu: = 5-Methoxyhexanoic acid 
6 4 a 
Bra A__CHO 
Example: су = 4-Bromo-2-cyclopentenecarbaidehyde 
3 2 


When more than one substituent is present, their names are arranged in alpha- 
betical order, ignoring any italicized words such as sec- or tert- as well as prefixes hav- 
ing to do with how many of a given substituent are present. 


Example: tertButyl comes before chloro because butyl comes before chloro 
alphabetically. 


Example: Ethyl comes before dimethyl because ethyl comes before methyl 
alphabetically (i.e., the "di" prefix is ignored). 


The following examples illustrate the procedure used to name organic molecules. 


EXAMPLE 1.12 


Give an acceptable systematic name for the following compound: 


CH, O 


Speed 


This compound has the ketone functional group, so the suffix is “one.” The longest car- 
bon chain has six carbon atoms, so the root is “hex”. There are no carbon-carbon dou- 
ble or triple bonds, so the multiple-bond index is “an.” The name so far is hex/an/ 
one - hexanone. 

The position of the ketone functional group must be specified by a numeral. With 
respect to numbering, rule 3 states that the chain is numbered to give the functional 
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group the lowest possible number. Therefore, numbering begins at the right end of 
this structure instead of at the left end. 
CH, O CH; О 
654321 12345 6 


Once the numbering is done, the position of the methyl group is established, which is 
C4. The name is therefore 4-methyl-2-hexanone. 


EXAMPLE 1.13 
Give an acceptable systematic name for the following compound: 


jj CH; 
CH,—CH,—CH—CH,—CH—CH,—CN 


This compound has a nitrile functional group, so the name ends in “nitrile.” The 
longest carbon chain, including the nitrile carbon atom, has seven carbon atoms, so the 
root is “hept”. There are no carbon-carbon double or triple bonds, so the multiple- 
bond index is “ane”. The name so far is hept/ane/nitrile = heptanenitrile. 

The principal functional group is one that must be at the end of the chain (Table 
1.1), so numbering begins at the right end of the structure. 


Br CH; 


CH;—CH,—CH—CH,—CH—CH,—CN 
7 6 5 4 3 2 1 


The positions of attachment for the bromine atom and the methyl group are subse- 
quently established, and bromo precedes methyl in the name because of alphabetical 
order, even though the methyl group is attached to a carbon atom with a lower num- 
ber. The name is 5-bromo-3-methylheptanenitrile. 


EXAMPLE 1.14 
Give an acceptable systematic name for the compound shown here. 
CH; 

This compound has the carboxylic acid as its principal functional group, which is at- 
tached to a six-membered ring. The root of “cyclohex” must be compounded with the 
suffix “carboxylic acid”. There is a carbon-carbon double bond, so the multiple-bond 
index is “ene”. The name so far is cyclohexenecarboxylic acid. 

The point of attachment of the principal functional group defines where the num- 
bering begins, and we number in the clockwise direction so as to give the position of 


the double bond the lower possible number (2 instead of 5, which would be its position 
if we numbered counterclockwise). 


6 2 


E Om 3 oa 
2 6 
a CH; 4 CH; 


3 


The methyl group is attached at C2, so the name is 2-metbyl-2-cyclohexenecarboxylic acid. 


си 
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EXAMPLE 1.15 
Give an acceptable systematic name for the compound shown here. 


NO, 


HN 


This compound has both amine and nitro functional groups. The nitro group is always 
listed as a substituent, so the amino group is the principal functional group. Aromatic 
compounds with an amino group are named as derivatives of aniline (Fig. 1.4), and the 
point of attachment of the amino group defines the C1 position of the ring. 


| Numbering is counterclockwise because 3,4- is lower than 4,5~ at the first point of 
difference. Isopropyl comes before nitro because of alphabetical order, so the name of 
this compound is 3-isopropyl-4-nitroaniline. 


EXAMPLE 1.16 


Give an acceptable systematic name for the compound shown here. 
pow 


This compound has no principal functional group or multiple bond. The longest car- 
bon chain is 6 carbon atoms, which is hexane. There are two substituents and chloro 
will precede methyl in the name because of alphabetical order. The chain can be num- 
bered from either end, however. 


CH; Cl CH, CI 
654321 123456 
3-Chloro-5-methylhexane 4-Chloro-2-methylhexane 


Because 2,4 is lower than 3,5 at the first point of difference, the correct name is 4 
chloro-2-methylhexane. 


EXERCISE 1.17 


Give an acceptable systematic name for each of the following compounds: 


a. b. ё; 
н сњ 
ње. X. P? 
МЕЛ coon Сн 
da (СНз); CH:CHa— CH CH,— CH— CH,CH 
2 


OH 
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CHAPTER SUMMARY 


Section 1.1 Structural components of organic molecules 


* Carbon always forms four bonds to other atoms in stable molecules. Nitrogen 
normally forms three bonds, oxygen forms two bonds, and hydrogen and the 
halogens (F, Cl, Br, and I) form one bond. These trends are summarized in Fig- 
ures 1.1 and 1.2. 


* Multiple bonds—double and triple—count as two and three bonds, respectively. 


* Organic compounds comprise carbon atoms (always), hydrogen atoms (often), 
and heteroatoms (sometimes). Heteroatoms are elements besides C and H, and 
their presence often creates a functional group, the reactive portion of a mole- 
cule. Common functional groups are listed in Table 1.1. 


Section 1.2 Structural formulas and condensed structures 


* Condensed formulas eliminate the need to show every atom and bond. Methyl 
(СНз), methylene (СНз), and methine (CH) groups are condensed hydrocar- 
bon units. 


* Carbon atom positions can be represented by angled meetings of lines or as the 
vertices of a regular polygon. 


* The carbon-oxygen double bond, called the carbonyl group, is a constituent of 
several functional groups including ketone, aldehyde, and carboxylic acid. 


Section 1.3 Systematic nomenclature: IUPAC names 
* TUPAC names are systematic and read as follows from left to right: 


a. The nature and positions of substituents (Section 1.3d). 
b. The root word (Section 1.3a). 


. The nature and number of double or triple carbon-carbon bonds (Section 
1.3b). 
d. The identity of the principal functional group (Section 1.3c). 


o 


* For aliphatic compounds, the root word is the longest carbon chain related in 
structure to the corresponding alkane, a molecule with the general formula 
CH3(CH») ,CHs. The chain is numbered to give the principal functional group 
the lowest possible number. 


* For alicyclic compounds, the root word is based on the size of the ring. 


For aromatic compounds, the root word contains *benz", short for benzene, or 
a common name such as toluene, anisole, aniline, or phenol, among others. 
* The abbreviation "R" is used to generalize the identity of a substituent, espe- 


cially one that contains carbon and hydrogen atoms. The abbreviation “Ar” is 
likewise used as a shorthand notation for an aromatic ring. 


The positions of substituents are specified by numerals that precede the name 
of the substituent group. Multiple substituents of the same type are identified by 
a prefix (di, tri-, tetra-, etc.) that tells how many such groups are present. 


Section 1.4 Constitutional isomers and hydrocarbon substituents 


* Isomers are compounds that have the same chemical formula but a different 
spatial arrangement of atoms. Figure 1.7 summarizes the types of constitutional 
isomers. 


e A carbon atom that forms four single bonds is classified as primary (1°), sec- 
ondary (2°), tertiary (3°), or quaternary (4°) according to the number of other 
carbon atoms attached. Carbon atoms with four single bonds can also be 
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designated methyl, methylene, and methine (CH) groups according to the 
number of hydrogen atoms attached (3, 2, and 1, respectively). 

* Anitrogen atom that forms three single bonds in amines and amides is classified 
as primary (1°), secondary (2°), or tertiary (3°) according to the number of car- 
bon atoms attached. 

* Removing the hydrogen atom from an alkane generates an alkyl group. 

* An alkoxy group is a substituent in which an alkyl group is connected to the 
main chain or ring via an oxygen atom. 

e Substituents with carbon-carbon double and triple bonds are formed from un- 
saturated hydrocarbons and are called alkenyl, alkynyl, and aryl groups. 


Section 1.5 Naming organic compounds 


e IUPAC names are generated by identifying the longest carbon chain or ring, the 
principal functional group that is present, the kind and number of carbon-car- 
bon multiple bonds present, and the types and positions of substituents at- 
tached to the chain or ring. 


MM —M— M M— ———————————————————— HH 


KEY TERMS 


Introduction Section 1.3b Section 1.4b 
organic chemistry alkene alkyl group 

alkyne alkoxy group 
Section 1.1b 
heteroatom Section 1.3c Section 1.4c 
functional group R alkenyl carbon atom 


Ar vinyl carbon atom 


Section 1.2a carbonyl group alkynyl carbon atom 
condensed structure aryl carbon atom 
hydrocarbon Section 1.4a 
isomers 
Section 1.3a constitutional isomers 
IUPAC rules skeletal isomers 
aliphatic compounds positional isomers 
alkane functional isomers 
alicyclic primary carbon atom 
aromatic compound secondary carbon atom 
arene tertiary carbon atom 


quaternary carbon atom 


—————————————————7Má 


ADDITIONAL EXERCISES 


1.18. Draw structural formulas for the following alkanes, showing all of the atoms in 
the longest carbon chain: 


a. The five isomers of CgH)4. 
b. The nine isomers of CzHje. 


1.19. Drawa condensed structure for each answer in Exercise 1.18. 


Additonal Exercises 


1.20. Show all of the hydrogen atoms in each of the following condensed represen- 
tations of some naturally occurring organic compounds. You may use СН» to rep- 
resent the methyl groups instead of showing all three hydrogen atoms with their 


bonds. 
о 
o 
oo | 
Сагуопе Progesterone 
Spearmint oil The precursor for all 
steroidal hormones 
=== COOH 
о 
о Р 
он 
Ріпепе Thromboxane A, 
Oil of turpentine A potent aggregator of blood platelets 


1.21. Each ofthe following molecules has a single functional group. Give its identity 
according to those listed in Table 1.1. Represent each molecule in the form that 
makes use of "R" along with the functional group (see Exercise 1.8). 


a. d. 4 
ОН о 
OH l 
ГЇ нс “сн, 
\ { 
н,с—сн, 
©; f. g- h. н 
r P i [ihe 
БЗ 
CH,CHCH; CH, C-NH CY H CH;—CH—C=CH 
н 


1.22. Draw two structures that exemplify each,of the following types of compounds: 
A ketone with the formula C5H;90. 
. A chloro ketone with four carbon atoms. 


a. 
b 
c. 
d 
e 
f. 


An aromatic amine. 


. An aldehyde with six carbon atoms. 
. A hydroxy aldehyde. 
An alicyclic carboxylic acid. 
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1.23. For the compounds shown in Exercise 1.22, identify the carbon atoms as 1°, 2°, 3°, 
4° (Section 1.4а) or alkenyl, alkynyl, aryl, or specific functional group (Section 1.4c). 


1.24. Shown below are condensed representations of some organic compounds that 
have been used as drugs. Show all of the hydrogen atoms and identify the follow- 
ing functional groups: alcohol, aldehyde, amide, amine, carboxylic acid, ether, 
carboxylic acid ester, ketone, and thiol (some of these groups appear more than 
once; some do not appear). You may use CHs to represent the methyl groups in- 
stead of showing all three hydrogen atoms with their bonds. 


2 
ANN a LT ү 
s A A (үүн 
о оон н 


Novocain Captopril Prozac 
local anesthetic antihypertensive drug antidepressant drug 


1.25. Forthe compounds shown in Exercise 1.24, identify the carbon atoms as 1°, 2°, 3°, 
4° (Section 1.4a) or alkenyl, alkynyl, aryl, or specific functional group (Section 1.4c). 


1.26. Тһе root word for an aliphatic compound is the longest carbon chain that also 
contains the principal functional group. Together with the other rules you have 
learned, explain why each of the following names is incorrect: 


a. Methylheptane 
c. 2,2-Dimethyl-3-ethylbutane 
e. 21sopropyl-1-propanol 


b. 3-Propylhexane 
d. 2-Dimethylpentane 
f. Dichloroheptane 


1.27. Drawa structure for each of the seven isomers of СН о that have a triple bond. 
You may use condensed structures. Name each compound. 


1.28. Draw every alcohol with the molecular formula CsH120. Label each carbon 
atom as 1°, 2°, 3°, or 4°. You may use condensed structures. Name each com- 
pound. 


1.29. Draw a structural formula for each of the following alcohols: 


a. 2-Phenylethanol b. 1,2-Dibromo-2-pentanol 
c. 3-Chloropropanol d. 2-Methyl-3-buten-2-ol 

e. 2,2,2-Trifluoroethanol f. 2-Amino-2-methylbutanol 
g. 2,9-Butadienol h. 4-Hexynol 


1.30. Draw a structural formula for each of the following carboxylic acids: 


a. 2-Aminobenzoic acid b. 2,2-Difluorobutanoic acid 
c. 2,2-Dibromopropanoic acid d. 4Isobutylbenzoic acid 

е. 3-Methoxycycloheptanecarboxylic acid f. 3Mercapto+-hexenoic acid 
g- 5-Hydroxy-3-heptenoic acid h. 2,5-Dimethylbenzoic acid 
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1.31. Within each group of compounds, which of the following structures are identi- 
cal and which are constitutional isomers? N Same 


a. | X. H 
H—C—H H—C—H 
ЖЕК ДЕ ib 
Bd d 
CENE REM uu I RN 
| 
i | i H ннн ннн 
H 
b 
H—C—H 
EER iti ie 
| 
"EM МИ cx E uou x RÀ 
à ! | | H H H H cl H H 
с. 
ae! Lol s i tad 
I | 
nee (ug С i H H с n i о | H Е a 
à i | H H H H H H H 
d. 
OH CH; CH,—CH; сњ 
| 
ТИЕ Е HO—CH—CH; —CH; HO—CH—CH; HO—CH,—CH—CH 


1.32. Give an acceptable systematic name for each of the following aliphatic or ali- 
cyclic compounds: is 


а. be 
p { )-- eee ooo 


Е ° P 
EK COOH inf 


CH,CH,—CH-—CH—CH;,—OH 


1.33. Draw a structural formula for each of the following amines and amides: 
. N,NDDimethylaniline 
. 1,2-Diaminocyclohexane 
1-Amino-3-phenylbutane 


. NMethylbutanamide 


a 
b 
c 
d. 3-Hydroxyéyclopentane arboxamide 
e 
f. 2,4-Dimethylaniline 
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= 1.34. Draw a structural formula for each of the following aldehydes and ketones: 

a. 3-Methyl-2-butanone 
b. 1-Chloro-3-hexene-2-one 
c. 3-Methoxypentanal f 
d. 3-Isopropylcyclohexanetarbaldehyde 
e. 4Bromobenzaldehyde ( 
f. 3-Ethoxy-2-hexanone 
g. 2-Cyclohexenone 
h. 3-tertButylcyclobutanone 

1.85. Give an acceptable systematic name for each of the following compounds: 

a. b. c. do qom d. ° 
oe Aw Kl ^o do к 
FF 
c 9 Br NO, 

1.36. Draw a structural formula for each of the following compounds: 
a. 1-Chloro-2-hexyne b. 1,3-Dicyanobenzene 
c. 6Bromohexanoic acid d. 2-Nitrobenzaldehyde 
e. 4Nitrotoluene f. 2-Allyl-6-chlorophenol 
g. 4Pentynol h. 3,5-Heptadienal 
i 1-Decanethiol j. 1-Nitropropane 
k. 2,3, 4Hexanetriol Ll 2Butyl-3-chlorobenzonitrile 

1.37. Give an acceptable systematic name for each of the following aromatic com- 
pounds: | mn > 7 3 £ 


| 1.38. 


c. 
NH; d. 
Br. CHO 
OI 
Br 


Draw a structural formula for each of the following compounds that have a com- 


plex substituent. Follow the procedure shown in Example 1.8: First interpret the 
name of the parent compound, then interpret the name of the substituent given 
in parentheses. By convention, the carbon atom of the substituent attached to the 
parent chain ог ring is designated C1. 


a. 


4-(1,1-Dimethylethyl)-4-octanol 


b. 3-Chloro-2-(1-hydroxyethyl)-6-nitrophenol 
c. 
d. 4(1-Methylethyl)-5-methyl-3-hexenal 


3-(2-Fluoro-2-propenyl)-5-hepten-2-one 
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BONDING IN ORGANIC MOLECULES 


2.1 LEWIS STRUCTURES 
2.2 BOND PROPERTIES 
2.3 RESONANCE STRUCTURES 
2.4 THE FORMATION OF BONDS 
2.5 HYBRID ORBITALS AND SHAPES OF MOLECULES 
2.6 BONDS WITH HETEROATOMS 
2.7 DELOCALIZED Л ELECTRON SYSTEMS 
2.8 NONCOVALENT INTERACTIONS 
CHAPTER SUMMARY 


A prodigious amount of work on the reactions of organic compounds was accom- 
plished long before chemists knew much about bonding. Structural formulas, line 
structures, and basic molecular shapes were understood before the twentieth century 
began, so it should be no surprise that simple concepts will go far in helping us to pre- 
dict structures and reactions of molecules. 

Nevertheless, it is also true that knowing how electrons are distributed within a 
molecule permits us to go beyond the reactions of the 1800s, and instead, to make pre- 
dictions about transformations that have not yet been encountered. Therefore, it is cru- 
cial to build a solid base of knowledge about electronic structures of molecules and 
bonds between atoms. 

The purpose of this chapter is to acquaint you with different models that are used 
to represent the arrangements of electrons in organic molecules. These models in- 
clude Lewis structures as well as pictorial illustrations. After completing this chapter, 
you should be able to predict the shape of a simple organic molecule by looking at its 
structure. In addition, you should be able to anticipate how electrons are distributed. 
The latter is essential for making predictions about reactions of organic molecules. 


2.1 LEWIS STRUCTURES 


2.1a Lewis STRUCTURES DESCRIBE THE DISTRIBUTION 

OF VALENCE ELECTRONS 
In 1916, Gilbert N. Lewis published a theory of bonding for organic molecules based 
on the octet rule, which says that C, N, O, and F atoms attain stable configurations when 
they have eight electrons in their outer shell of orbitals. Despite the evolution of more 
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Figure 2.1 


Group number 


Valence electrons 


The periodic table with the 
numbers of valence electrons 
for the main group elements. 
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comprehensive theories, Lewis structures are commonly used to depict the distribution 
of valence electrons in organic molecules. In compounds that contain heteroatoms, 
Lewis structures are used to account for unshared electron pairs (imprecisely called 
lone pairsin older texts) that are not involved in forming covalent bonds to other atoms. 
For that reason, you need to understand how to draw Lewis structures. 

Because you are already familiar with line structures from Chapter 1, you need only 
add the nonbonding electrons to those in order to generate the corresponding Lewis 
structures. The following procedure outlines a systematic method for creating the 
Lewis structure of a molecule. 


1. Draw the structural formula of the molecule, making use of the fundamental rule 
that there are four bonds to each carbon atom; three bonds to each nitrogen, 
phosphorus, or boron atom; two bonds to each oxygen or sulfur atom, and one 
bond to each halogen or hydrogen atom (Figures 1.1 and 1.2). 


2. Tally the number of valence shell electrons that each element contributes to the 
molecule. The number of valence electrons for a given element is determined 
from its position in the periodic table [group 1 (IA) elements have one valence 
electron, group 2 (IIA) elements have 2 electrons; group 13 (IIIA) elements have 
3 electrons, and so on (see Figure 2.1)]. 

3. Subtract the number of electrons in the covalent bonds of the structure you have 
already drawn (two electrons per bond) to calculate how many unshared electrons 
need to be added to the structure. 

4. Distribute these remaining electrons in pairs so that each non-hydrogen atom is 
surrounded by eight electrons. Electrons in the bond between atoms are included 
in the electron count of each atom. Note, too, the following exceptions to the octet 


rule: 

° Aydrogen needs only two electrons to complete its valence shell, so it normally 
9 "C n H . 
fo one bond and does not have additional electrons associated with it. 


*(Boron and aluminum Dave only(six electrons)surrounding them when they are 
bonded to three atoms. 


• Elements in the third period and higher can accommodate 10 or-12-electrons 


in their valence shell./Phos А Y sulfur are the most common elements 
that may have more than, ‘électronssurrounding them. 


1 
(IA) 
1 


1 


3 


4 


5 


6 


7 


8 


9 


10 


11 


12 


13 


14 


15 


16 


17 


18 


(ПА) (ШВ) (IVB) (УВ) (VIB) (VIIB) (VIII) (УШ) (VII) (IB) 


(IIB) (ША) (IVA) (VA) (VIA) (УПА)(УША) 
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5 


6 


7 


8 


Na | Mg 
| al Са | Sc | Ti | V | Cr | Мп | Fe 
s Sr | Y | Zr | Nb | Мо | Tc | Ru 
Cs | Ва | La | Hf | Ta | W | Re | Os 


2.1 Lewis Structures 


EXAMPLE 2.1 


Draw the Lewis structure for 2-aminobutane. 


1. Draw the line structure according to the procedure outlined in Chapter 1. The 
structural formula of 2-aminobutane is shown here. 


H H 
ar 
puc 
H H H H 


2. Tally the total number of valence electrons ( = 32). 


Valence electrons 


C 4X4e=16 
H 11Xte=11 
N 1X5e= 5 
Total 32e 


3. Subtract the number of electrons already present in the covalent bonds (2 elec- 
trons х 15 bonds = 30), so 32 (total) – 30 (bonded) = 2 unshared electrons need to 
be added to the structural formula. 


4. Because each hydrogen atom already has two electrons (hence, a filled shell) and 
each carbon atom has eight electrons, the two remaining electrons are placed on 
the nitrogen atom, which lacks an octet. The Lewis structure of 2-aminobutane is 
shown below. 


Н... „Н 
{ТҮ 
ig eg 
H H H H 


Recall from Chapter 1 that many functional groups contain atoms that are bonded 
to another atom by a double or triple bond. To give each atom an octet of electrons, 
we sometimes need to include double and triple bonds, resulting in the placement of 
four or six electrons between the two atoms joined by the multiple bond. As was the case 
for the electrons in single bonds, the electrons in multiple bonds are included in the 
electron count of each atom. 


EXAMPLE 2.2 


Draw the Lewis structure for 2-bromo-3-pentanone. 


1. Draw the line structure according to the procedure outlined in Chapter 1. The 
structural formula of 2-bromo-9-pentanone is shown below. 


2. Tally the total number of valence electrons ( = 42). 


Valence electrons 


" i T ү C 5X4e-20 
H—C—Cc—C—C—C—H Н 9X1e- 9 16 bonds X 2e = 32 electrons accounted for; 10 
i | i | O 1X6e= 6 electrons unaccounted for 
H H H H Br 1Х7е= 7 
Total 42e 
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3. Subtract the number of electrons already present in the covalent bonds (2 elec- Table 2.1 Common functional groups with formal charges on one or more atoms. 
trons X 16 bonds = 32), so 42 (total) — 32 (bonded) = 10 unshared electrons need | 
to be added to the structural formula. Functional group Charge Functional group Charge 
4. Because the hydrogen and carbon atoms already have filled shells, the additional "D. 
10 electrons must be associated with the oxygen and bromine atoms, each of which "A 
lacks an octet. The Lewis structure of 2-bromo-3-pentanone is below. Notice that = \ EX Е 
the octets for the oxygen and its attached carbon atom include the four electrons QU | 
in the double bond. 
Nitro group, —NO, Overall neutral Ammonium ion Overall +1 charge 
Include the remaining 10 electrons as unshared pairs Е 
А Br and О to complete the octet for those atoms. үн Е 
t =C у” 
H :Br::Q: Н Н Me st 
Ltt tl e \ 
H—C-—C—C—C—C—H = EN 
| | | | Carboxylate group, —CO; Overall —1 charge Sulfoxide group, po Overall neutrai 
H H H H 
:0: 
— TN 
[EXERCISE 2.1 i—i- Na Overall —1 charge; 
А А : paci ari "ent notice that sulfur 
Draw a Lewis structure for each of the following compounds: has 10 electrons 
a. CH3CH CHCl с. СО» e. 3 Buten-2-one Azide group, —N; Overall neutral Sulfonate ion, —50; surrounding it 
b. 3-Fluoro-1-butanol d. 2-Cyanopentane 
EXAMPLE 2.3 
2.1b FORMAL CHARGES COMPENSATE FOR THE UNEQUAL Calculate formal charges for the atoms in nitroethane. 
DISTRIBUTION OF VALENCE ELECTRONS 
In the procedure outlined in Section 2.1а, we simply distributed the electrons so that First, draw the Lewis structure: 
each atom attained an octet (with the noted exceptions). In any Lewis structure we sa 
draw, however, the valence electrons that each atom contributes to a molecule may be i 1 | 
distributed on another atom in the molecule. When this situation occurs, some atoms H—C—C—N=O Each nonhydrogen atom has an octet of electrons. 
acquire a formal charge, which is the difference between its number of valence elec- | | 
trons (as determined from the periodic table) and the number of electrons it either нн 
has іп its unshared electron pairs ог has contributed to covalent bonds. Each atom 
forming a covalent bond contributes one electron to that bond. The following formula Then, apply Eq. 2.1 to calculate the formal charge on each atom. 
is used to calculate the formal charge on an atom: For the singly bonded O atom: For the N atom: 
formal charge = (6) – (146) = -1 formal charge = (5) - (4+ 0) = +1 
Formal charge = Number valence electrons - (Number bonds + Number nonbonding electrons) (2.1) 
For the doubly bonded O atom: For each C atom: 
Formal charges of +1 or –1 are indicated simply by writing a plus or minus sign next to formal charge = (6) - (2 + 4) - 0 formal charges = (4) - (4+ 0) =0 


the atom. If the formal charge is +2 or -2, then the numeral is also included. Nothing 
is written if the formal charge is zero. 

In most stable organic molecules, formal charges do not occur unless nitrogen, sul- 
fur, or phosphorus atoms are present. Examples of formal charges frequently encoun- 


Finish by including the charges on the complete structure. (Remember that nothing is 
written next to the atom if its formal charge equals zero.) 


нон :O:7 
tered in organic compounds are summarized in Table 2.1. E 
"pe 
H H 


Recognize that a carbon atom does not carry a charge when it has four bonds. Because 
carbon atoms in stable organic molecules rarely have other than four bonds, carbon 
atoms normally do not have formal charges. 


Group number 


Figure 2.2 
Electronegativity values for 
the main group elements. 
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EXERCISE 2.2 


For the following compounds, add the unshared electrons to the given structure to 
generate a Lewis structure, and then calculate the formal charge on each non- 
hydrogen atom: 


a. 2-Nitropropane b. Diazomethane c. Dimethyl sulfone 
HC H _ н МЕ j 
C e 0 C=N=N aN 
Hac “№ / H^ ^о 
| н 
о 


2.2 BOND PROPERTIES 


2.2a THE PAULING SCALE OF ELECTRONEGATIVITY QUALITATIVELY 
Ркерістѕ How ELECTRONS ARE DISTRIBUTED IN COVALENT BONDS 


A Lewis structure—even with formal charges—does not reveal how the electron pair in 
a covalent bond is shared between the two atoms it connects. When two atoms are iden- 
tical, as in molecular hydrogen, H-H, the electrons in the bond are attracted toward 
each nucleus to the same degree and so are shared equally. When the atoms bonded 
together are different, however, then the sharing of electrons is unequal, and the bond 
(is a polar one. The property of an atom to attract electrons to itself is called elec- 
tronegativity, and Linus Pauling was the first to devise a scale that gauges this attractive 
force. Figure 2.2 shows the periodic table with common electronegativity values for the 
main group elements. We can use these values to predict the polarity of any bond 
based on the assumption that an atom with a higher electronegativity value will attract 
a greater share of the bonded electrons toward its nucleus. 

In the first two periods, the nonmetallic elements are more electronegative than 
carbon with the notable exceptions of hydrogen and boron. This electronegativity dif- 
ference makes carbon susceptible to reaction with ions and molecules that contain het- 
eroatoms, most of which are also more electronegative. 


1 2 E] 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 
(IA) (ПА) (ШВ) (IVB) (VB) (VIB) (VIIB) (УШ) (УШ) (УШ) (IB) (ПВ) (ША) (IVA) (VA) (VIA) (УПА)(УША) 


H 
2.1 


Li | Be 


1.0 | 1.5 


Na | Mg 
0.9 | 1.2 


Ca 
1.0 


2.2 Bond Properties 


A simple way to symbolize the polarity of a bond is to use the lower case Greek let- 
ter delta (5) along with a plus or minus sign to indicate which atom is more elec- 
tronegative and which is more electropositive. The 6 signifies a partial charge and should 
not be confused with formal charges. Another way to indicate bond polarity is to use an 
arrow with a plus sign as the “tail” to indicate the direction in which the bond is polar- 
ized. The unequal electron distribution in a covalent bond gives rise to a дй ole (two 
poles) because the bond has a positive and a negative end. 


\* 87 \+— stl s к» 
С=О C=0 —с—0 —C—0O.* 
/ / | wx I y 
H H 
Two representations Two representations for the polarity of the atoms 
for the polarity of the n the alcohol group. Note that there are different 
carbonyl group. рез for the two polar bonds. 


Bond polarity is not solely the result of electronegativity differences between 
atoms. Another factor that contributes to the polarity of bonds is the 
atoms. A polarizable atom is one in which the distri 
distorted or deformed by outside influences. (think of such an atom as a pliable, foam 
rubber sphere). F Polar izal ity, which results from the weakening attraction between the 
nucleus and its outerm: st electrons as an atom becomes larger, is most important for 
elements such аз, Polarizability of a large atom makes its honds polar, even if 
the electronegativity values indicate otherwise. For example, the electronegativity val- 
ues of carbon and iodine are identical (2.5), so you might assume that the C-I bond is 
not polar. Yet, CHsl, reacts as if the carbon atom were partially positive and the iodine 
atom, partially negative. In general, the bonds between carbon and any element in 
groups 15-17 (VA)-(VIIA) are considered to be polar, with the carbon atom bearing 
the 5+ designation. For bonds between carbon and a metal atom, including those of 
the transition metals, the carbon atom is à. 


` Vee АТ; b 
cl ees cL „С—би 
H / Hv? \ H / H7 

H н H H H 


For the reactions of organic molecules, the “85” notation will be used almost exclu- 
sively throughout this text to denote the polarity differences of bonds and atoms in a 
molecule. Figure 2.3 illustrates some functional groups, along with the expected po- 
larities of their atoms. For some molecules, particularly those in which a hydrogen 
atom is attached to an oxygen or nitrogen atom, several 8 symbols are needed to indi- 
cate the polarization of every atom in the functional group. Note that the polarities of 
the C-H bonds are largely ignored. The electronegativity difference between carbon 
and hydrogen is normally small, so hydrocarbon portions of a molecule are considered 
nonpolar. 

Even though the use of 6+ and ô- is a practical way to denote atom polarities when 
writing chemical reactions, the arrow notation is more useful if you want to compare 
bond polarities or portray the polarity of the molecule as a whole. The length and di- 
rection of a polarity arrow is related to the magnitude of the electronegativity differ- 
ences of the atoms as well as to the orientation of the bond in three dimensions. 


larizability of — 
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Ж 8- 87 
© о о р 
| і пез AES 
AN “ony е = 
Ketone Aldehyde Carboxylic acid Nitrile 
st 
| | NA | 
+l 8 +] 87 8% "S ГА è gw 
cea сон TN —C—Mg—Br 
| | | T" | 
Figure 2.3 
Examples of polar bonds in Chloroalkane Akohol Amine Organomagnesium 
organic molecules. bromide 


Thus, to show that the C-Cl bond in chloromethane is more polar than the C-Br 
bond in bromomethane, we can draw an arrow for the C-Cl bond that is longer. To de- 
pict the polarity of the chloromethane molecule and not just its C-Cl bond, we add the 
polarity arrows for each bond. As shown below at the right, the arrow for the whole 
molecule is longer than for the isolated C-Cl bond because the polarities of the С-Н 
bonds will contribute dipoles that enhance the C-Cl dipole. 


Comparison of the C-X bond polarities in Depiction of the individual bond polarities in 
chloromethane (a) and bromomethane (b) chloromethane (c) and for the whole molecule (d) 
a b. с d 
H H H 
m= че QV 
H C —CI H „АС Вг H V —cG H „С—С 
H H H H 


To specify the polarity of a molecule or group, you have to know its three-dimensional 
structure (to be discussed shortly), the magnitudes of the polarity differences for each 
bond, and rudimentary vector algebra. 


EXERCISE 2.3 


Using the 5+ and 8- formalism and ignoring the carbon-carbon and carbon-hydrogen 
bonds, indicate the polarity of the bonds in the following molecules: 


a. b. с. d. 
CHaCHs 


| O " | 
C. сн с c B 
НС “о cH “н сњен;“ “а снысн;“ “снсн, 


2.3 Resonance Structures 


2.2b BOND LENGTHS VARY AS A FUNCTION OF ATOM IDENTITY 
AND OF BOND ORDER 


Many organic molecules contain single, double, and triple bonds between adjacent 
atoms. Experimentally, multiple bonds shorten the distance between any two atoms. 
A single bond is therefore longer than a double bond, which, in turn, is longer 
than a triple bond. Expected lengths for bonds in simple molecules are given in 
Table 2.2. 

Within a group of the periodic table, bond lengths increase as the atomic radii of 
the elements increase. For example, a carbon-oxygen single bond is shorter than a car- 
bon-sulfur single bond, and a carbon-chlorine bond is shorter that a carbon-lodine 
bond. 


Table 2.2 Average bond lengths for atoms in 
organic molecules. 


Bond type Length (A) Bond type Length (A) 
Se ee E ail Catal o AN 
с=с 1.53 C—N 1.47 
С=С 1.31 C=N 1.28 
С=с 1.18 CzN 1.14 
C--H 1.09 C—F 1.40 
c—o 1.43 c—cl 1.79 
C—o 1.21 C—Br 1.97 
c—s 1.82 С—1 2.16 


2.3 RESONANCE STRUCTURES 


2.3a RESONANCE STRUCTURES ARE USED ТО INDICATE THAT 
ELECTRONS АВЕ Not LOCALIZED ON SPECIFIC ATOMS 


When drawing Lewis structures, we make an implicit assumption, namely, that elec- 
trons are localized, which means that they occupy a specific region of space either 
between or on individual atoms. In certain cases, bonding in a molecule cannot 
be represented by a single Lewis structure. An example is nitroethane (cf. Example 
2.3), for which we draw two equivalent Lewis structures, as illustrated in Figure 2.4, 
Note the presence of formal charges on the nitrogen and oxygen atoms in these 
structures. 


Double-headed arrow denotes that these two 
Lewis structures are resonance structures. 


E Lit 
MEN T N-—0 < um C—N—0:^ 
H H H H 


Each non-hydrogen atom has an octet of 
electrons: neither structure actually exists. 
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Figure 2.4 


Possible Lewis structures for 
nitroethane, showing 
electrons localized on an atom 
or in a bond between atoms. 
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Each Lewis structure has a nitrogen-oxygen single bond, as well as a nitrogen—oxy- 
gen double bond. However, the experimentally determined nitrogen-oxygen bond 
lengths in this molecule are identical. Therefore, a single structure cannot be used to 
portray the distribution of electrons in this molecule—we must adopt a different for- 
malism. We call such representations resonance structures (or resonance forms). They in- 
dicate the possible ways that electrons can be localized on or between the atoms. 

It is crucial to understand that resonance forms are imaginary descriptions of elec- 
tron density in a molecule; that is, they do not actually exist as separate entities. The “real” 
picture is called the resonance hybrid, a composite of all of the possible resonance 
structures. These hybrids frequently involve multiple bonds and nonbonding electrons 
that can be associated with more than one atom. 

In molecules for which more than one structure can be drawn, we first draw all of 
the possible Lewis structures that depict what the bonding would look like if only a lo- 
calized electron distribution were possible. We then relate those structures with double- 
headed arrows (<>) to indicate that the actual electron density picture is a combination 
of these imaginary forms. Notice that the word resonances an adjective, so do not make 
it into a verb: The individual structures do not “resonate”. 


2.3b — REDISTRIBUTING THE ELECTRONS IN A LEWIS STRUCTURE 
GENERATES OTHER RESONANCE FORMS 
To generate resonance structures, follow the procedure outlined here: 


l. Draw a single Lewis structure as you normally would, giving each atom eight elec- 
trons except for H (two electrons) and B and Al (six electrons, usually). Include 
formal charges if they are present. 


2. Redraw the atom positions of the Lewis structure and connect the atoms via single 
bonds in the same fashion as in the original. Remember this primary rule: Nuclei 
do not move. Once you draw the structure, you may only change the way in which 
the electrons are distributed. This redistribution is done by moving an electron 
pair £o an adjacent position (note that the formal charges often change during these 
movements). In this text, a curved arrow will be used to show movement of a pair 
of electrons (more about this topic in Chapter 5). Thus, allowed patterns of elec- 
tron movement are as follows: 


* One bond of a double bond between two aims can become an unshared pair 
on one of those atoms; both choices should be considered: 


New as Y un m 5 
C=N- <> =N= or C—N— з  :ct—N— 
/ S iF / 


° An unshared pair on an atom can form a double (or triple) bond; we draw the 
arrow from the electron pair on one atom to the next atom, which creates the 
multiple bond: 


\A ou №. 26 d. 
Ew ——À г? ог —C=N <> CEN; 


* One bond of a double bond can shift to the adjacent position, forming a differ- 
ent double bond: 


2.3 Resonance Structures 


Any of the movements illustrated above may be associated with redistribution of 
the electrons on other atoms, too. For example, two pairs of electrons are required 
to move in the N9O structure (below) at the left to maintain an octet at each atom 
in the one on the right. 


IN=N—-Or €— 0-5: 
wA): 08: 


3. Calculate the formal charge оп each atom. As already mentioned, these may 
change as electrons are redistributed within the molecule. 


ee 
EXAMPLE 2.4 


Draw resonance structures for diazomethane, CH5N;, the structure of which was shown 
in Exercise 2.2. 


1. Draw a Lewis structure for the compound and include formal charges: 


H 
\ t u Each non-hydrogen atom has an octet of electrons, 
SNN and formal charges have been included. 

H 


2. As many times as necessary, redraw the original Lewis structure and move the elec- 
trons in each structure on the left no farther than the adjacent position to gener- 
ate another structure. Make certain that you use all of the electrons and calculate 
formal charges correctly. 


\ +N \- + 
C=N=N: <—> :C—N=N 
ИМ / 
H H 
A B 
H H 
\ = NS 
C—N-—N: < C—N=N 
ГА. / 
H H 
A с 
н H 
\ + E Na = 
C=N=N: < C—N=N 
/ М / 
H H 
A D 


After generating several structures, you must subsequently evaluate them in order 
to decide which are important to describe the distribution of electrons in the mol- 
ecule. How to do this evaluation is described in Section 2.3c. The evaluation of 
these structures will be presented in Example 2.5. 


Ő” 
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2.3c THE RELATIVE IMPORTANCE OF A RESONANCE STRUCTURE 

15 ASSESSED ON THE BASIS OF SEVERAL CRITERIA 
Evaluating the resonance structures you have drawn is often the most difficult step of 
the entire process because a structure may contribute to the overall resonance hybrid 
in a limited way yet still be important. The best strategy is to generate several structures 
(say, between three and nine), and then eliminate the less important ones by evalua- 
tion, which makes use of the following guidelines: 


* The most important resonance forms have an octet of electrons around each 
non-hydrogen atom (excep d Al). A second-period element may have 
fewer—but never more—thán eight)electrons. 


Less important because carbon lacks an octet. This 
structure also has fewer bonds and more formal 
charges than the structure at the left. 


e Important contributors have more bonds and/or fewer formal charges/than other 
structures (no formal charges, if possible). 


н :Os H HQ; н 

| d | ыл l 
iat et а E 

H H H H 


Less important because of formal charges; 
each non-hydrogen ат has an octet. 


* Structurally equivalent forms are especially important contributors because the 
resonance hybrid gains additional stabilization energy, a fact that can be demon- 
(^ strated experimentally. 


CO: g 
wf . | А 
—N — —N Equal contributors; additional 
( o- \. stabilization energy is acquired. 


| * When formal charges are present, the more important contributors have the 

negative charge on a more electronegative atom. For structures with two or 

p nore charges, opposite charges should be as close together as possible; like 
charges should be as far apart as possible. 


н "3 н :ӧ:- 
H—C—C—N--H «€— H—C—C=N—-H 
EA j 
H H 


Less important because oxygen is more 
electronegative than nitrogen. 


* Elements in period 3 and higher, especially sulfur and phosphorus, may have 10 
or 12 electrons in their resonance forms. 


2.3 Resonance Structures 


* Representations with a substantially higher charge on one atom than in other 
structures are less important. Ignore structures in which the charge on an atom 
has changed by +2 (or more) relative to another structure. 


+ on Мұ, — 
IN=N—Or +з IN=N=6: <>  "uW-—Ne0:* 
U XC 4 n 
Less important; N has a higher charge 
than in the other structures and 
adjacent atoms have the same charge. 
EXAMPLE 2.5 


Evaluate the four resonance forms for diazomethane that were gerierated in Example 
2.4. Those structures, A-D, are reproduced below. 


H H H / H 

\ + =, \- + New a 

y MCN < н <-> | T <> СМЕМ 
H H H H 


Forms A and B are important resonance structures for diazomethane because each 
non-hydrogen atom has an octet. We would rank form A as more significant because 
the negative charge is on the more electronegative atom (N instead of C, as it is in B). 


Structure D contributes less than either A or B because the carbon atom lacks an octet 
of electrons and has fewer bonds. We can eliminate structure C because one of the ni- 
trogen atoms lacks an octet, it has the fewest number of bonds, and it has a greater 
number and magnitude of formal charges than the other structures. 


EXAMPLE 2.6 


Draw and evaluate resonance structures for methyl isocyanate, CH3NCO, 


І. Draw the Lewis structure: 


ix c A 
H 


2. As many times as necessary, redraw structure A and move the electrons in each 
structure on the left to an adjacent position to generate another structure. Make 
certain that you use all of the electrons and calculate formal charges correctly. 


No (опто Chop. 


H H 
H—C—N-c—Ó: «ә u—c—Ny—ceo* н—С—&=с=б: — nlii: 
n | А ү 
А в — A b 
И К H H 
н—е—К—©- — нй н—е—й—с-б = 
H H H 
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3. Evaluate the forms. Structure A is the best because each atom has an octet and 
there are no formal charges. Structures B and C are important because each atom 
has an octet. Structure C is more important than B, however, because the more 
electronegative oxygen atom bears the negative charge. Structures D and E are 
minor contributors because the carbon atom in each lacks an octet of electrons. 


Resonance structures are important in describing the electronic structures of ben- 
zene and its derivatives. By shifting the three pairs of x electrons simultaneously, we сап 
draw two equivalent and therefore equally important resonance structures for benzene. 


| | 
H SH HAH 
Qo “А д. А 
H^ Ed ^u ~. н< ae ^u 
H H 


Experimentally, we find that the lengths of each of the carbon-carbon bonds in ben- 
zene are identical. If either localized structure were to exist, we would expect three of 
the bonds to be longer than the other three because of the difference in bond lengths 
for carbon-carbon single and double bonds (see Table 2.2). The actual distribution of 
the electrons in benzene is therefore best represented by the two structures (the reso- 
nance hybrid) shown above. 

Resonance structures are often required to depict the electronic structures of ions. 
In these instances, the net charge on each resonance form must be the same. An ex- 
ample will illustrate this point. 


EXAMPLE 2.7 


Draw and evaluate resonance structures for the acetate ion, CH3COs" (OAc). 


First, draw a Lewis structure for the compound, making certain to include the negative 
charge on the oxygen atom. 


Next, redraw structure A and move the electrons to generate another structure. 
Make certain that you use all of the electrons and calculate formal charges correctly. 
Notice that the original structure has a negative charge, therefore every structure drawn 
must also have an overall negative charge. 


н +O: H :0:- H Н :0:7 
н l i б «ә H—C—C—Ó: TE e 7а H—C—C—ÓO- 
nm H | H 
A B | A £ 


2.4 The Formation of Bonds 


Finally, evaluate the forms. Structures A and B are equivalent and each non- 
hydrogen atom has eight electrons. Structure C is less important because one carbon 
atom lacks an octet. The resonance hybrid for the acetate ion is therefore represented 
as a composite of the two structures shown below: 


EXERCISE 2.4 


Draw a complete Lewis structure and resonance forms for each of the following com- 
pounds. Remember that phosphorus can accommodate 10 or 12 electrons. 


O—P—O H3C—NNN 
Azidomethane 

Phosphate ion 
——————————————————— 


2.4 THE FORMATION OF BONDS 


2.4a THE THEORY OF QUANTUM MECHANICS OPENED THE WAY FOR 
MATHEMATICAL DESCRIPTIONS OF BONDING INTERACTIONS 


Although Lewis structures can be used for many applications in which we want to de- 
pict the bonds between atoms, we soon encounter difficulties if we begin to think about 
what a bond really is. Such problems arise because electrons do not move about the nu- 
clei of atoms according to the laws of classical mechanics. A different concept is 
needed, and the theory of quantum mechanics, independently proposed in the mid- 
1920s by Werner Heisenberg, Paul Dirac, and Erwin Schrédinger, provided a way to de- 
scribe electron motion mathematically using wave equations. The solutions of wave 
equations, called wavefunctions, are normally denoted by the Greek letter psi, V. A 


more important quantity is Ч?, which relates to the probability of finding the electron| 


at any particular point in space. 

The plot of V? in three dimensions generates the characteristic shapes of atomic 
orbitals, which are denoted with the letters s, p, d, and f If you have studied chemistry 
before, you have undoubtedly seen these representations, some of which are illustrated 
in Figure 2.5. The s orbitals are spherical, but р orbitals are dumbbell shaped and are 
oriented along each of the three Cartesian axes. The mathematical signs of the two 
lobes of a p orbital are different because the orbital has a node at the nucleus, a point 
at which the probability of finding the electron is zero. Each orbital can have a maxi- 
mum of two electrons. 


2.46 THE OVERLAP BETWEEN ATOMIC OrBITALS DEFINES 

A CHEMICAL BOND 
Quantum mechanics can be simplified by making certain assumptions that lead to dif- 
ferent models for describing chemical bonds. Valence bond theory defines bond for- 
mation as the result of overlap between atomic orbitals that occupy the same region of 
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Figure 2.6 

Overlap between 15 atomic 
orbitals of two hydrogen 
atoms to form the sigma bond 
of Hs. 


Figure 2.7 

Overlap of the atomic orbital 
of hydrogen with a р orbital of 
fluorine to generate the 
hydrogen fluoride molecule. 
Each р orbital comprises two 
lobes that have different 
mathematical signs (positive 
and negative), designated as 
shaded and unshaded. 
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2p, 2p, 


Figure 2.5 
Representations of the s and р orbitals. 


space. A bond is formed when an orbital with only a single electron overlaps with an- 
other singly occupied orbital. For example, Figure 2.6 shows the result of the overlap 
of the 1s orbitals of two hydrogen atoms, generating the hydrogen molecule (Hg). Hy- 
drogen has the electron configuration 1s, which shows that its s orbital has one elec- 


tron. When overlap between orbitals lies along the line connecting the two nuclei, it is 
called a © (sigma) bond. 
SS 
H Нн: H 
Hydrogen atom Valence bond representation 
1s orbital of the hydrogen molecule 


Similarly, zaboni can also form between a р orbital and an s orbital because over- 
lap occurs along the axis between the nuclei. 


A specific example is the molecule HF, illustrated in Figure 2.7. Hydrogen has the elec- 
tron configuration 15, and fluorine has the electron configuration 15225225,2525?; 
overlap takes place between the singly occupied 1s orbital of hydrogen and the 2p, or- 
bital of fluorine (x, y, and z are assigned arbitrarily). 


2.5 Hybrid Orbitals and Shapes of Molecules 


Now, consider bringing together a carbon atom (1522s22p128)) with hydrogen 
atoms to produce a hydrocarbon. Using the description based on overlap of atomic or- 


have known that carbon forms four bonds in stable molecules, so the simplest hydro- 
carbon is CH4, methane. The four С-Н bonds in methane extend to the corners of a 
tetrahedron. When bonding theories were developed during the 1900s, they had to ac- 
count for the tetrahedral shape surrounding carbon atoms in simple hydrocarbons. 


2.5 HYBRID ORBITALS AND SHAPES OF MOLECULES 


2.5a THE CONCEPT OF HYBRID ORBITALS EXPLAINS THE SHAPES 
OF ORGANIC MOLECULES 


A straightforward way to rationalize the tetrahedral arrangement of bonds to carbon 
atoms in organic compounds is called the valence-shell electron-pair repulsion (VSEPR) 
model. The underlying concept of the VSEPR model is that electron pairs repel each 
other, whether they are involved in bonding or not. As a result, they will be oriented in di- 
rections that put them as far apart as possible. Table 2.3 summarizes the structures for an 
element surrounded by two, three, or four electron pairs. These electron-pair arrange- 
ments are manifestations of the hybridization models described on the next several pages. 


Table 2.3 Arrangements of electron pairs about an atom A that minimize 
electrostatic repulsion. 


Structure Number of Arrangement of | Hybridization — Idealized bond 
electron pairs electron pairs angle 
A; 2 Linear sp 180° 
/ : 2 
:—А 3 Trigonal planar 5р 120° 
X 
| 3 
ә . 4 Tetrahedral sp 109,5? 


When applying the VSEPR model to atoms in a molecule, you have to take into ac- 
count the number and types of bonds and unshared electron pairs that are present. 
When a molecule contains atoms that only form single bonds and/or have unshared 
clectron pairs, then we use the data from Table 2.3 directly. For example, the carbon 
and oxygen atoms in methanol, shown below, are predicted to be tetrahedral accord- 
ing to the VSEPR model because each atom is surrounded by four electron pairs. 


H " 
Four single bonds — 
P P dd four electron pairs = tetrahedral 
\~H 
T 
Two single bonds + two unshared pairs = 
four electron pairs = tetrahedral 
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To apply the data in Table 2.3 to atoms that form rpultiple bonds, we consider in- 
stead how many regions of electron density surround éach atom. Thus, a carbon atom 
with a double and two single bonds has three regions, and its bond angles should be 


~ 120°. For nearly all organic molecules, the number of regions equals the number of ч eZ oF 


Н) 1s orbital of hydrogen 


Figure 2.9 


| LL sp? orbital of carbon 
A valence bond representation 


unshared pairs plus the number of sigma bonds. In other words, a multiple bond is of methane. All H-C-H angles 
considered the same as a single bond in the VSEPR model. №. аге 109.5°. The smaller lobe 
H of each hybrid orbital has 


been omitted for clarity. 


:@: icl; 
e деб :м==с==н iN=C—H 
" ‘ch EX ISE 2. 
in g Two regions of electrons Two regions of electrons ERS 5 
around the С atom around the N atom 


a. Draw a Lewis structure for water. b. Draw a valence bond representation of water as- 


Three regions of electrons Three regions of electrons . AN G ] 
suming that the oxygen atom has sf? hybridization (the two pairs of unshared electrons 


around the C atom around the O atom 


In 1931, Linus Pauling published the first paper in which mathematical models, 
utilizing quantum mechanics, explained the shapes of molecules by making use of a 
new concept, called hybrid orbitals, in which orbitals of similar energies can “mix”. For 
methane, the simplest hydrocarbon, formation of bonds requires the use of the four sp? 
hybrid orbitals formed by a combination of one 25 and three Zp orbitals. The superscript 
associated with the hybrid designation indicates the number of each orbital type that 
has combined to create the hybrid. The number of hybrid orbitals always equals the 
number of atomic orbitals that combined. 

Because a р orbital has а node at the nucleus, hybrid orbitals that have a contribu- 
tion from a orbital also have a node at the nucleus. We generally ignore the smaller 
lobe of the hybrid orbitals because it does not extend as far from the nucleus as the 
larger one, and so it is not involved in the bonding per se. The four sf? orbitals are 
oriented along lines that pass through the corners of a tetrahedron, as illustrated in 
Figure 2.8. 


2s 2p, 2p, 2р, 5р 


Figure 2.8 
The conceptual combination of the atomic orbitals of carbon that generates sf? hybrid orbitals. 


Overlap between the sf? hybrid orbitals of carbon and the atomic orbital of four hy- 
drogen atoms generates the valence bond representation of methane, shown in Figure 
2.9. Because the overlapping orbitals lie along the line connecting the carbon and hy- 
drogen nuclei, these С-Н bonds are с bonds. From knowledge of Euclidian geometry, 
we calculate that the H-C-H angle should be 109.5°. This fact has been verified ex- 
perimentally for the structures of many organic molecules. 


are placed in two of the hybrid orbitals). 


2.5b SOLID AND DASHED WEDGES AND LINES ARE USED TO REPRESENT 
MOLECULES IN THREE DIMENSIONS 


Because a tetrahedron is a nonplanar object, its representation on a two-dimensional sur- 
face, such аз а piece of paper, can create problems until you familiarize yourself with ways 
to illustrate molecules that have atoms with this geometry. A detailed presentation of 
three-dimensional shapes of organic compounds will be covered in the next two chapters 
(Chapters 3 and 4), but now is a good time to begin learning how to draw them. 

For any nonplanar species, we use a solid wedge (m—) to represent a bond that is 
sticking out of the plane of the paper and a dashed wedge (w—) or dashed line (-----) 
to depict a bond receding behind the plane of the page. Normal straight lines are used 
to represent bonds that are wholly in the plane. If you are looking at the side of a cyclic 
compound, a bold line (umm) is often used to illustrate the front edge of the plane. 
The bonds of the ring receding behind the page should be shown as dashed lines (wm 
ОГ ----- ), but more often, normal lines аге employed. We rely on the fact that our eyes 
pick up the bold lines in front, automatically “reading” the other lines as farther back 


in the page. 
These two lines This line recedes >, KC у; 
are іп the plane /( вета the plane 
of the page of the page 
"ө... The side view of a six-membered ring 
The figure on the right is technically 
^——This line projects correct, showing the three carbon atoms 
out of the plane in back behind the plane of the page, but 
of the page the figure on the left is more commonly 
used, 
EXAMPLE 2.8 


Draw the valence bond representation and the three-dimensional structure of ethane. 


First, draw the Lewis structure, accounting for all of the electrons: 


jure 2.10 

) The conceptual 
nbination of the atomic 
vitals that generates sf? 
orid orbitals. 

) Orientation of the three 
гіа orbitals and the 
hybridized р, orbital. 
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When only single bonds are present in the Lewis structure, we assume that each carbon 
atom has sf? hybridization. Thus, we can draw the carbon atoms, and then allow one 
sf? hybrid orbital from each to overlap, generating the C-C bond. 


Overlap between one orbital of each 
carbon atom creates the C-C o bond. 


Four sp? orbitals on each carbon atom 


Next, overlap the 1s orbital of each Н atom with an sf? hybrid orbital on each carbon 
atom. The final picture shows that all of the bonds are o bonds, and all of the angles 
(ZH-C-H, and ZC-C-H) are ~ 109.5°. 


C-C с bond 
H H 
N / H H 
С—С t d 

M Ati wt T eu, 
5 "H HU MH 

H H 
H H ZH-C-H: 109.5° 
ZC-C-H: 109.5° 


С-Н с bonds formed by overlap of a 
C sp? hybrid orbital and a H 1s orbital 


EXERCISE 2.6 


Draw the valence bond representation for propane, CH3CH3CHs. 


2.5с А CARBON ATOM WITH A DOUBLE AND Two SINGLE BONDS 
15 MODELED WITH 5Р2 HYBRIDIZATION OF CARBON 


From experimental data, we know that ethylene, СН»=СН», is a flat molecule. There- 
fore, the tetrahedral arrangement of orbitals for carbon atoms in methane, ethane, 
propane, and other alkanes cannot be used to portray the bonding in ethylene. In- 
stead, we model the bonding in ethylene with use of two 25 orbitals of carbon, hy- 
bridized with its 2s orbital. This arrangement, termed sp? hybridization, leaves unmixed 
the orbital that we designate 25, as illustrated in Figure 2.10. 


2p, 2 


25 2p, 2р, sp? DON sp? 


2.5 Hybrid Orbitals and Shapes of Molecules 


Figure 2.11 depicts the valence bond representation of ethylene, in which orbitals 
of two sp?-hybridized carbon atoms overlap with the 15 orbital of four hydrogen atoms. 
This picture shows that two carbon-hydrogen bonds are formed at each carbon atom, 
and a carbon-carbon bond is created, too. The bond created by overlap between two 
sf? orbitals that lie along the line connecting the nuclei is a с bond. 


Each p orbital has one ~~ 
н. 


SH 


C-C a bond formed by overlap of two 
f. sp? orbitals, one from each carbon atom. 


А 


С-Н с bonds formed by overlap of an sp? orbital 
of each carbon atom with a 1s orbital of hydrogen. 


The р orbital on each carbon atom is perpendicular to the line connecting the nu- 
clei. The lobes of the orbital lie above and below the plane defined by the six nuclei 
of the carbon and hydrogen atoms. The side-to-side overlap of two p orbitals, illustrated 
in Figure 2.12, creates a п (pi) bond, which is not coincident with the line connecting 
the carbon nuclei. Instead, a t bond has a node in the plane defined by the six atoms, 
justas a p orbital has a node at the nucleus of an atom. 


" „Н Pairing of the electrons from each of the p, orbitals 
„© creates the т bond. Notice that overlap of the 
HY А А “н orbitals occurs both above and below the plane. 


The complete valence bond representation for ethylene (Figure 2.13) shows that 
two bonds are formed between the carbon atoms, one a о bond and one a x bond. The 
ZH-C-H and ZC-C-H angles in ethylene, and for all atoms with sp? hybridization, are 
120*, and the nuclei of all six atoms lie in a plane. 


М т bond 
H 


ZH-C-H: 120° 
ZH-C-C: 120° 


А T bond does not exist unless a с bond is also formed, a fact that has important 
consequences for the reactivity of organic molecules. As you can see in the picture, ал 
bond constitutes a region of electron density that lies away from the line connecting 
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Figure 2.11 

Avalence bond representation 
of the б bonds and carbon p 
orbitals in ethylene. Each p 
orbital has two lobes, one 
above and the other below the 
plane of the nuclei. They have 
different mathematical signs 
(positive and negative), indi- 
cated as shaded and unshaded. 


Figure 2.12 
Representation of the t bond 
in ethylene created by over- 
lapping orbitals. 


Figure 2.13 
A valence bond representation 
of ethylene, showing all of the 
б and т bonds. 
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the two nuclei. Therefore, electrons in a x bond are available to react with other nuclei 


„ and with electron-poor species. Sigma bonds are closer to the positively charged nuclei 
|| and are therefore less reactive. When a carbon-carbon double or triple bond is present 


in a molecule, the x bond reacts preferentially. 


EXAMPLE 2.9 


Draw the valence bond representation for propene, which has two sf?-hybridized car- 
bon atoms, and one sf?-hybridized carbon atom. 


First, draw the Lewis structure and assign the hybridization of each carbon atom. A car- 
bon with four single bonds has sf? hybridization, and a carbon atom with a double and 
two single bonds has sf hybridization (below, a.). Next, draw the carbon atoms with 
their hybrid orbitals, allowing one orbital from each to overlap with its neighbor, form- 
ing the C-C 6 bonds (below, b.). (The hybridization of each orbital lobe is given in this 
example, but it is not necessary to label the orbitals every time.) 


a b. 
Pz Pz sp? 
ü sp? — sp 
5j zh ve Sp 
sp? Maa P Са се” (f 
р д з 
X DN sp 
H cmn sp т C 
sp* н H 50? ge \ 
sp? А 
sp 


Include the hydrogen atoms by allowing the 1s orbital of each H to overlap with the re- 
maining hybrid orbitals on the carbon atoms, and show the overlap between the car- 
bon atoms for the т bond (remember that the overlap occurs both above and below the 
plane). Finally, indicate the bond angles (not all of them are shown in the figure). 


ZH-C-C: 120? 
ZH-C-C: 109.5* 


ZH-C-H: 120° P s BF orae, 7. 
LA S X" C-H: 109.5* 
Zc-c- L 120° 


ZH-C-C: 109.5° 
ZH-C-H: 109.5* 


EXERCISE 2.7 


Draw the valence bond representation for 1,3-butadiene, HyC=CH-CH=CHp, which 
has only sp*-hybridized carbon atoms. 


2.5 Hybrid Orbitals and Shapes of Molecules 


2.5d A CARBON ATOM WITH A TRIPLE AND A SINGLE Bono 15 
MODELED WITH SP HYBRID ORBITALS 


Acetylene (ethyne), the simplest hydrocarbon with a carbon-carbon triple bond, is a 
linear molecule; therefore, its pictorial representation must have a H-C-C angle of 
180*. To produce an appropriate model for the bonding in acetylene, the orbitals 
needed to create the sigma framework have sp hybridization, which is a combination of 
the s orbital and a single р orbital of carbon. By creating sp hybrid orbitals, two p or- 
bitals remain to overlap and establish two л bonds that form the triple bond. Figure 
2.14 shows the orbital arrangement for a carbon atom with sp hybridization. 


a. 
+ — 2 
& 

Ed 

sd 
2s 2p, sp 

b. z 

Pz | 


sp hybrid tt 
orbital N Ё 


а The two sp orbitals are directed along the x axis and each has 
х— 5 e AES "8 — one electron. The p, and p, orbitals lie along the y and z axes 


EC respectively, and each also has one electron. 


Py, 4 x S 
sp hybrid 


¢ ia orbital 


Figure 2.14 

(a.) The conceptual combination of the atomic orbitals that generates the sf hybrid orbitals. 
(b.) Orientation of the hybrid orbitals and the unhybridized р orbitals. The smaller lobe of 
each hybrid orbital is shown as a dashed shaded loop. Both lobes of each of the two sp hybrid 
orbitals lie along the x axis. 


When two sphybridized carbon atoms are brought together with two hydrogen atoms, 
we generate the structure depicted in Figure 2.15. There is a 6 bond between the two 
carbon atoms and between each carbon atom and a hydrogen atom. In addition, the 
two orthogonal р orbitals form л bonds. 


л bond 
р orbitals 
sp hybrid a T 
orbitals D === 


Figure 2.15 22 E. Ad 
The valence bond representation p orbitals 


of acetylene. “т bond 


Notice that the two л bonds are oriented within perpendicular planes that intersect 
along the line connecting the carbon nuclei, as shown in the following scheme: 


57 


8 CHAPTER 2 Bonding in Organic Molecules 2.5 Hybrid Orbitals and Shapes of Molecules 59 


/ e carbon atom of a€arbanion which also has only three bonds, can be either P 
190" о ybridized. In the absence of possible overlap with a neighboring р orbital (a 
Су point discussed shortly), a carbanion is tetrahedral because the unshared electron pair 
He НАС TROU ЦУ: а occupies space апа repels the electrons in the three bonds. An electron pair actually 
180° | occupies more volume than а carbon-hydrogen bond. 


The methyl radical is best described using an sf?-hybridized carbon atom, but the 
geometry of radical species larger than the methyl radical is tetrahedral, in which case 
i sf? hybridization provides a better model. 
Tne toona ene a = | The carbon atom of a carbene forms only two bonds but has six electrons (normally 
three electron pairs), so it has sp? hybridization (Figure 2.18). 


EXERCISE 2.8 | 


Draw the valence bond representation for 1-ргорупе, which has two sf-hybridized car- " H 
bon atoms and an sf*-hybridized carbon atom. же tus. ^ Hub C 


2.5e THE HYBRIDIZATION OF CARBON ATOMS IN REACTIVE 

INTERMEDIATES VARIES Methyl carbanion, :СНу Methyl radical, CH3: Methylene carbene, :CH; 
Until now, we have looked only at structures of stable molecules. During many chemi- 
cal reactions, however, intermediates are formed in which a carbon atom has fewer 


than four bonds. These species—carbocations, carbanions, radicals, and carbenes—are 
illustrated in Figure 2.16. 


Figure 2.18 
Valence bond structures for the methyl carbanion, the methyl radical, and methylene carbene. 


2.5f HYBRIDIZATION OF CARBON ATOMS: A SUMMARY 


" " n H Having now looked at substances that contain only carbon and hydrogen, we summa- 
H— | ы ane me b- rize in Table 2.4 the types of hybridization expected for the carbon atoms in these 
| | | | E species, which includes stable molecules as well as reactive intermediates. 
H H H H 
Methyl carbocation Methyl carbanion Methyl radical Methylene carbene 
The carbon atom has An electron pair on The carbon atom has The carbon atom has Table 2.4 Summary of hybridization patterns. 
only six electrons and the carbon atom seven electrons and six electrons and ———M——  —  —————————— 
carries a positive completes its octet carries no charge. carries no charge. Type of C lypeofspecies Hybridization No. of o bonds No. of n bonds Approx bond angle 
charge. and imparts a 
negative charge. £ f 
== —с— Alkane sp? 4 0 109.5? 
Figure 2.16 | 
Carbon-containing species in which carbon forms fewer than four bonds. \ 
c= Alkene зр? 3 1 120° 
/ 


The carbon atom in a carbocation forms three bonds and has six electrons instead 2 180° 
of eight. A carbocation therefore adopts a planar geometry to minimize repulsive in- —с= Alkyne d 2 
teractions between the three electron pairs. Like a carbon atom that forms a double 
and two single bonds, which also has three groups attached, the structure of a carbo- 1 2 420° 

3 : А а 3 C— Сагросайоп sp 3 0 

cation can be described with an sf?-hybridized carbon atom. Figure 2.17 shows the rep- / 
resentation of the methyl carbocation, in which the three hydrogen atoms are in the 
plane and the p orbital extends above and below that plane. 


= Radical sp? or sp? 3 0 120* or 109.5? 
| 
is we Carbanion sp? or sp? 3 0 120° or 109,5? 
| 
+” + H 
Figure 2.17 H ex H a з Carbene sp? 2 0 120* 
The valence bond representation of 5 а € MX / 


the methyl carbocation. 
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2.6 BONDS WITH HETEROATOMS 


2.6a THE HYBRIDIZATION OF HETEROATOMS OFTEN 

FoLLows THE VSEPR MODEL 
Because many interesting organic compounds also have heteroatoms, especially oxy- 
gen and nitrogen, we must have a way to depict their bonds, too. We can make use of 
the VSEPR model to deduce the type of hybridization that a heteroatom has, and the 
common patterns are shown in Figure 2.19. Unshared electron pairs are placed in the 
hybrid orbitals that are not used to form 6 bonds. 


Oxygen 
49 mi) 


4 electron pairs 3 regions of electrons 
sp? hybridization sp? hybridization 


Nitrogen 

Y - 

^N: =N =N: 
4 N 
4 electron pairs 3 regions of electrons 2 regions of electrons 
зр? hybridization —— sp?^hybridization sp hybridization 
Halogen 
—E ğü Br i 


4 electron pairs sp? hybridization 


Figure 2.19 
Hybridization modes for common heteroatoms found in organic molecules. 


Figure 2.20a shows the valence bond representation of methanol, in which the car- 
bon atom, with four с bonds, is assigned sf? hybridization. The oxygen atom, with two 
bonds and two unshared pairs, also has sf? hybridization. The idealized bond angles 
around oxygen in methanol should be 109.5°, but the Н-О-С angle is, in fact, slightly 
smaller than that value because the electron pairs in the hybrid orbitals tend to take up 
more room than the O-H bond, compressing the angle slightly. 

The simplest organic molecule with a double bond between carbon and oxygen is 
formaldehyde, H5C-O, the valence bond representation of which is shown in Figure 
2.20b. The unshared electron pairs on the oxygen atom are in hybrid orbitals, leaving a 
single p orbital on both the carbon and oxygen atoms to overlap, creating the п bond. 


2.6 Bonds with Heteroatoms 61 


a. Methanol 


C-O с bond 
H H The O-H o bond is formed 
f — between an O sp? hybrid H H 
orbital and the H 1s orbital. AS d 
GU Ii C—O: 
E ACT uS 
d H 
S — Unshared electron pairs 
H reside in the sp? orbitals ZH-C-H: 109.5° 
on the oxygen atom. ZO-C-H: 109.5° 
ZC-O-H: 107° 
С-Н с bonds formed between a С sp? 
hybrid orbital and the H 1s orbital. 
b. Formaldehyde 
C-O е bond d 7 bond 
Н. A Unshared electron pairs Н. , 

Tun C шаш ашы Су 2 reside in the sp? orbitals 226—0: 
EA A on the oxygen atom. H 
& 8% Figure 2.20 

ZH-C-H: 120° Valence bond representation 


С-Н с bonds formed between a C sp? 
hybrid orbital and the H 1s orbital. 


ZO-C-H: 120° of methanol, CHOH (a.) and 
formaldehyde, CH3O (b.). 


EXERCISE 2.9 


Draw the valence bond representation for dimethyl ether, НзС--О-СН3з. 


Hydrogen cyanide represents the simplest compound that has a triple bond to a 
heteroatom, in this case nitrogen. We model it, as shown in Figure 2.21, by analogy with 
acetylene. The unshared electron pair on nitrogen is placed in the sp hybrid orbital on 
nitrogen, leaving two р orbitals to form п bonds and create a total of three bonds be- 
tween the carbon and nitrogen atoms. 


т bond 
f p orbitals 
sp hybrid T 


orbitals y^ 
Pos 


z Va H—CzzN: 


£ 
— Ao bond 


p офа" N 
at bond 


Figure 2.21 
Valence bond representation 


of hydrogen cyanide. 


EXERCISE 2.10 


Draw the valence bond representation for acetonitrile, CH3CN. 


OO чие 
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2.66 THE HYBRIDIZATION OF A HETEROATOM CAN DIFFER FROM ITS 
PREDICTED TYPE WHEN RESONANCE FORMS ARE IMPORTANT 


Knowing which hybridization model applies to a given atom allows one to establish an 
atom’s geometry—tetrahedral (555), trigonal (sf*), or linear (sp). The hybridization in 
turn provides information about the bond angles and spatial orientations of atoms and 
groups. Recognizing the hybridization of a heteroatom is often not as crucial as it is for 
carbon because a heteroatom normally forms fewer bonds than carbon. The hybridiza- 
tion of a halogen atom is least important because the halogens mainly form one bond. 

For nitrogen and oxygen atoms, however, hybridization changes can affect their 
geometries significantly. The most obvious case that you will encounter is that of the 
amide functional group. Looking at the structure of dimethylformamide (DMF), 
shown below in (a.), you would most likely assign sp? hybridization to the nitrogen 
atom because it has four electron pairs surrounding it (three bonding and one non- 
bonding). You would therefore predict that the C-N-C bond angles would be ~ 109°. 


а b. 
5. Ве 
A Ff? e P jis 9, F These six atoms lie 
C—N: — C=N C—N in the same plane, 
/ / \ / \ and the bond angles 
H CH; H CH; H Cc are all 120°. 
DMF 


The actual structure shows that the bond angles are closer to 120°, and the six 
atoms of the amide unit are coplanar, a geometry more consistent with sf” hybridiza- 
tion of nitrogen. An important resonance form of DMF, also shown above, fits with sf? 
hybridization: The nitrogen atom in this resonance form is surrounded by three regions of elec- 
tron density (see Fig. 2.19). Remember the primary rule about resonance structures: Nu- 
clei cannot move (Section 2.3b). Because changes in hybridization will lead to geometric 


changes—hence movement of nuclei—the hybridization of an atom must be the same 
in every structure whenever multiple resonance forms are involved. This situation is 
common when a heteroatom is bonded to a carbon atom with sp? hybridization. 


© Bo HC—CH HC—CH 
WÉR e vog J| Ou S 
roe Ае, H Ne HC. CH € ек. 
нс CH; нс CH; | Ñ 
H H 
sp? hybridization А СИК 
Methyl acetate Pyrrole sp* hybridization 


| When a heteroatom has s?? hybridization, its electron pair is placed into а p orbital 
instead of a hybrid orbital, as illustrated in Figure 2.22 for DMF. 


т bond 


TP orbital with 


unshared 
CH, electron pair 


Figure 2.22 


The valence bond representation of DMF showing the unshared pair of electrons in the Ё 
orbital that remains on the nitrogen atom after hybridization. The nitrogen, oxygen, and 
carbonyl carbon atoms all have sf? hybridization. The sigma bonds are shown 4s black lines. 


2.7 Delocalized т Electron Systems 


EXERCISE 2.11 


Draw the valence bond representation for methyl acetate, the structure of which is 
shown above. Both oxygen atoms have sf? hybridization, as does the carbonyl carbon 
atom. The methyl carbon atoms have s? hybridization. 


2.7 JDELOCALIZED 7 ELECTRON SYSTEMS 


2.7a BENZENE HAS DELOCALIZED ELECTRONS 


Benzene, a hydrocarbon, cannot be adequately described by a single Lewis structure 
(Section 2.3c): All six carbon-carbon bonds in benzene have the same length, so a 
structure with alternating single and double bonds is incorrect, and at least two reso- 
nance structures are needed to represent its structure accurately. 


0-0 

Nevertheless, these two principal resonance forms of benzene show that every car- 
bon atom forms a double bond to one of its neighbors; therefore, to draw a valence 
bond representation of benzene, we start with sp?-hybridized carbon atoms. (From this 
point оп, we will use a line to depict a © bond, because orbitals that overlap to create 6 
bonds lie between the nuclei, just as the lines do.) 

Putting six sf?-hybridized carbon atoms together to form the benzene ring, we use 
the hybrid orbitals on each carbon atoms to construct the sigma framework, as illus- 
trated in Figure 2.23. With sf?-hybridized carbon atoms, benzene is a planar molecule, 
and every carbon atom has a р orbital perpendicular to the ring. 

The p orbitals in benzene are evenly spaced as a result of the identical carbon-car- 
bon bond lengths, so choosing which pairs of adjacent orbitals overlap to form x bonds 
is arbitrary. In fact, it cannot be done: Overlap occurs between each pair of adjacent 
orbitals. This type of overlap leads to interactions among all six р orbitals in benzene, 
so the electrons are delocalized, which means that they can move throughout the л sys- 
tem (Figure 2.24). 

Whenever we draw a Lewis structure, we represent a bond with a line, which signifies 
that those electrons are localized between the atoms that are connected (Section 2.3a). 
Likewise, two dots next to an atom mean that an unshared pair of electrons is localized on 
that atom. But in compounds such as benzene, which have delocalized electrons, a 


Representation of the p orbitals of benzene, Because the p orbitals are equally spaced, 
perpendicular to the plane of the ring. The overlap occurs between all six, allowing 
с bonds are shown as lines and the carbon the electrons to be delocalized. 
and hydrogen atoms in the back are omitted 
for clarity. 

Figure 2.24 


Orbital representation of the л bonds in benzene, showing electron delocalization. 
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Figure 2.23 


The sigma framework in 
benzene. Each carbon atom 
has sf? hybridization, and 
each has a p orbital (not 
shown) perpendicular to the 
plane of the ring. 
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single structure cannot accurately portray where the electrons are, so resonance forms 


are needed to show the different ways in which the electrons are distributed, 


0-0 О 


Kekulé structures represent delocalization 
of electrons by using resonance structures 
that have localized electrons. 


Another way to represent the delocalized 
electrons is to use a hexagon with an 
inscribed circle, analogous to the valence 
bond picture in Figure 2.24, 


Example 2.10 shows how delocalization can occur in an ionic compound, a carbocation. 


EXAMPLE 2.10 


Draw resonance structures and a valence bond representation for the benzyl cation, 
‹%Н5-СН»*. 


First, draw a Lewis structure for the compound, including the positive charge on carbon: 


H 
| 


H 

Qt 
“с^ “с^ Nu 
u^ S eI 


| 
H 


H 


Next, draw several structures that have only single bonds between the atoms, and move 
electrons between the atom positions in A, making certain to account for all the va- 
lence electrons. Notice that the original structure, A, has an overall positive charge, and 
one carbon atom has only six electrons. Therefore every structure that you draw will 
have a net positive charge, and one carbon atom will have only six electrons. We can- 
not draw a resonance form that gives each non-hydrogen atom an octet. 


i o]. on i, 
| | 
H С rf “ct + 
ка cab Beg, Ра 
H^ Now Ny HT x “н at Gee 
| 
H H H 
B A С 
ty 3 Ж. 
| | 
H С с H Cc ZG H 
К `c” ^u Чот ^u “е^ MeL 
< А < | 
HAN un. ES pq 
| 
H H 
D A E 


2.7 Delocalized л Electron Systems 


To draw the valence bond representation, recognize first that every carbon atom 
has sf? hybridization. The sigma framework is drawn between the carbon and hydrogen 
atoms (below, a.); then а р orbital is placed at each carbon atom position (below, b.). 
Overlap occurs among all seven carbon atoms, and the overall structure bears a posi- 
tive charge (the lower portions of the orbitals in back have been omitted for clarity of 
presentation). 


a b. 
P + 
H H 3 p MENT 
‘N ^ H H 
с——с Ne г 
Нее, ус н—— се эсс 
C Na | У. Ny 


м, Ё 
"4 Nu Ment As 


EXERCISE 2.12 


Draw a valence bond representation for the acetate ion, CH4COO- (Example 2.7). Use 
lines to represent the с bonds. The two carbon-oxygen bond lengths are equal. 


2.7b Lewis STRUCTURES CAN BE MODIFIED TO REPRESENT 
DELOCALIZATION 


One way to relate orbital pictures with resonance structures is to modify Lewis struc- 
tures to indicate delocalization. For benzene and its derivatives, this procedure simply 
requires drawing a circle within the ring. For the acetate ion, we use a dotted, curved 
line with a negative charge, as shown in Figure 2.25. This type of notation is actually 
valid only when the delocalized system is symmetrical (or nearly so, as in derivatives of 
benzene). 


CH; COOH P 
CH,—Ci - 
\ 
о 
Benzene Toluene Benzoic acid Acetate ion 


For a reactive intermediate such as a carbocation, radical, or carbanion (Section 
2.5e), delocalization occurs whenever the bond-deficient carbon atom (i.e., the one 
with fewer than four bonds) is adjacent to а л system. In such cases each carbon atom 
is assigned sf? hybridization 


on, just as heteroatom hybridization is modified when a het- 


eroatom is bonded to an sf? hybridized carbon atom (Section 2.6b): minimizing the p- 
orbital contribution to the hybrid leaves a р orbital on the atom adjacent to the л 
bond, which makes it possible for the electrons to be delocalized. A modified Lewis 
structure used to represent delocalization in the allyl radical is shown in Figure 2.26. 
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Figure 2.25 
Representations of 
delocalized electrons using 
line structures. 


SS ee 
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2.8 Noncovalent Interactions 
56 CHAPTER 2 Bonding in Organic Molecules 
а Table 2.5 Types of noncovalent interactions between molecules. 
i 1 Type of Interaction General form Example Distance (r) factor 
Hs „С H H с. ^H 
Y 
HO H он lon-ion eo (CHj4N* - jC—R иг 
о 
= èt 
H 
b ғ. ; 
lon-dipole e (CH3) N* Tad 5 и 
H 
| 
id E odo ut 
ae | | Dipole-dipole О. A Ko a ur 
Xepresentations of the allyl H H H H 


adical: resonance forms (a.); 
alence bond drawing (b. lefi), 


nd modified Lewis structure | | mm 
adicating delocalization Each carbon atom has sp? hybridization so that a p orbital is available Dispersion 

b. right). to permit delocalization of the electrons over the entire т system. induced + 

н. H h 
wA Fixed lengt! 
Hydrogen bond? —D—H---:A rectis xi highly directional 
H 
2.8 NONCOVALENT INTERACTIONS 


2.8a  ELECTROSTATIC FORCES INFLUENCE THE INTERACTIONS 
BETWEEN ATOMS AND MOLECULES 


For well over a century, structural organic chemistry has been dominated by theories 
aimed at understanding and explaining covalent bonding. In biological systems, cova- 
lent bonds are just as necessary to link atoms together, but structures are often influ- 
enced by noncovalent interactions, which at their core result from electrostatic forces, 
meaning that they occur between species with full or partial positive and negative 
charges. Electrostatic influences vary considerably according to the magnitude, dura- 
tion, and physical separation of the charges on the species involved. Some important 
categories of electrostatic forces are summarized in Table 2.5. 

lon-ion, ion-dipole, and dipole-dipole interactions are intuitively easy to understand be- 
cause the ions or molecules involved have established charges that result from the dis- 
tribution of electrons (Section 2.1) or the polarity of the bonds (Section 2.2). If the 
interacting charges are opposite (as shown in Table 2.5), then the resulting interaction 
is attractive. If the charges are the same, then the ensuing interaction will be repulsive. 
As the magnitude of the charges on interacting species become smaller (i.e., б— for a 
dipole instead of -1 for an i i imini 
function of distance. 
decreases the attractive force between them by half, but dou ing 
an ion and a molecule with a dipole decreases the attraction by a factor of 4, and be- 
tween two molecules with dipoles by a factor of 8. 

Dispersion forces, also called London forces to honor Fritz London, the chemical physi- 
cist who explained their origin and properties, are extremely weak interactions that 
occur between nonpolar molecules when they approach each other and momentarily 
induce a dipole in each other. Fhe-attractive forces that exist between-hydtocarbons 
provide a classic example of dispersion forces-Berause-disperstor- forces decrease with 
distancé to the jnverse sith power- they are only important when the molecules are ac- 


tually touching each other. 


“Hydrogen-bond donor = D; hydrogen-bond acceptor = A. 


2.8b HYDROGEN BoNDs ARE DIRECTED ELECTROSTATIC INTERACTIONS 


Among electrostatic forces, the hydrogen bond is a much different type because the 
atoms have to be aligned and the interacting groups must be separated by a specific dis- 
tance. For organic molecules, a hydrogen bond forms when an O-H or N-H group із _ 
close enough to another heteroatom—usually О ог N—that an attraction exists Бе, 
tween the unshared electron pair оп the heteroatom and the nucleus of the hydrogerr 
atom. This attraction results from the polarity of the atoms, in which the heteroatom 
is 5 and the H is 5+. Table 2.6 shows typical hydrogen-bond lengths, as well as specific 
examples of hydrogen bonds that form between functional groups in organic mole- 
cules. The strongest hydrogen bonds exist when the hydrogen and two heteroatoms are 
oriented in a linear fashion, but weak hydrogen bonds may still form whenever the 
three atoms are proximal. 


Heteroatom-hydrogen Electron pair on an 
covalent bond adjacent heteroatom 
uM {/ сч, 
—O— Here 0! —Q-—H-e- A 


B) a N 7] "n 
Hydrogen bond Hydrogen bond 


The species with the -D-H bond (D means donor in this context) is the hydrogen- 
bond donor, and the compound providing the electron pair is the hydrogen-bond ac- 


Ceptor. Any compound bearing ап О-Н or N-H group can form a hydrogen bond with 
other like molecules by intermolecular interactions because oxygen and nitrogen 
atoms have an unshared electron pair. (Intermolecular means between molecules; in- 
tramolecular means within the same molecule.) The converse is not true, however: a 
compound that has only a heteroatom cannot form hydrogen bonds to other molecules 
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Table 2.6 Examples of hydrogen bonds important in organic 
and biological molecules. 


Bond Distance (À) Example 
H 
O— Hessa o 2.70 Opis "d 
7 N 
H H 
1 
Oc Heee o` 2.63 н O0—C—CH; 
H 
fh 
O—H-----—N 2.88 Q—H----N—CH; 
/ N 
ch, CH, 
сн; со CH, 
N—H- о 3.04 № Неке "mE d 
N 
H CH, 
CH,—cO CH; 
N—H easasas N 3.10 N—H mM N—CH; 
/ 
H CH, 


eee — 


‘Distance refers to the separation between the two heteroatoms. 


of itself if no D-H bond is available. For example, liquid acetone, CHs-CO-CHs, does 


not form hydrogen bonds between neighboring molecules because no O-H bonds are 
present. 


т 


ЕХЕКСІЅЕ 2.13 


Illustrate, where appropriate, the hydrogen bonds that can exist in the following systems: 


а. Pure ethanol ^ d. Pure dimethyl ether 


b. Pure water €. A mixture of dimethyl ether and water 
c. A mixture of ethanol in water |/ ve 


т 


2.8с HYDROGEN BONDS INFLUENCE INTERMOLECULAR 
INTERACTIONS AND ARE CRUCIAL FOR STABILIZING 
STRUCTURES OF BIOMOLECULES 


A hydrogen bond has only a fraction of the strength of a covalent bond, so to have 
much influence, large numbers of hydrogen bonds must normally be present before 
their effects become noticeable. Biological molecules such as proteins and nucleic 
acids satisfy this criterion. As a consequence, the effects of hydrogen-bond formation 
have long been of interest to biochemists. Organic chemists have become increasingly 
interested in hydrogen-bond formation as their attention has been drawn by the topic 
of molecular recognition. Now, many examples of hydrogen-bond formation in low 
molecular weight compounds are being exploited, a topic discussed in Chapter 28. 


2.8 Noncovalent Interactions 


Apart from the importance of hydrogen bonds to stabilize structures of biomole- 
cules, it has been long known that hydrogen bonds influence chemical structures and 
reactions in profound ways. Physical properties such as melting point : and boiling point 
provide simple examples. Because the “boiling points of alkanes are proportional to 
their molecular weights, a consequence of the effects of dispersion forces, we can use 
boiling point values as a measure of attractive forces between molecules. 

Table 2.7 compares the boiling points of butane, methoxyethane, chloroethane, 1- 
propanol, and acetic acid. All have the same approximate molecular weight, yet their 
boiling points differ by > 100°C. Substances without an OH group boil within several 
degrees of each other because the forces holding the molecules together in solution 
are weak, being mostly dispersion or dipole-dipole forces. The compounds with OH 
groups—namely, ethanol and acetic acid—form hydrogen bonds between neighboring 
molecules. Additional heat has to be added to overcome the attractive forces so that the 
molecules can vaporize. 


Table 2.7 Influence of hydrogen bonding on boiling 


points. 
——————————————— 
Compound MW ° Boiling point (°С) 
CH,—CH,—CH;—CH; 58 0 
CH,—CH;—O— CH; 60 7 
CH,—CH,—Cl 64.5 12 
CH3;—CH,—CH,— OH 60 97 
o 
re ree 60 116 


Molecular weight = MW. 


In the vapor phase, acetic acid actuall exists as a dimer-via formation.of hydrogen — 
bonds, as shown below. Its boiling point (bp = 116°C) is more similar to that of octane 
(bp = 125°C) than to butane (bp = 0°C). (FW = Formula weight.) 


Q--.-H—O 
ГА \ 
H;C—C C—CH; LOST 
ГА 
ОН: о 
Acetic acid dimer Octane 
FW = 120 FW=114 
bp =116 °C bp=125 °C 


The effects of hydrogen bonds on chemical reactions, while more subtle than their 
influence on physical properties like boiling points, become significant for transfor- 
mations carried out in solvents such as water or alcohols. Examples of solvent effects re- 
sulting from hydrogen bonding will be presented in Chapter 6, when we consider their 
influences on substitution reactions. 
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Tana EES 
CHAPTER SUMMARY 
Section 2.1 Lewis structures 
e Lewis structures are structural formulas that also show the unshared electrons. 
* The procedure used to create a Lewis structure is outlined in Section 2. la. 
* Some atoms in a Lewis structure carry a formal charge, which is the numeric dif- 
ference between the number of valence electrons an isolated atom has and the 


number of electrons it has in the Lewis structure, either as unshared pairs or as 
a contribution to covalent bond formation. 


Section 2.2 Bond properties 


* Electronegativity is a measure of an atom’s attraction for electrons; the differ- 


ence in the electronegativity values for bonded atoms accounts for the polarity 
of bonds. 


* Bond polarity is designated with the symbols ôt and 9^, the latter indicating the 
more electronegative element of each pair of atoms bonded together. 
* Bond lengths vary according to the size of atoms that constitute the bond, as 


well as the multiplicity (single, double, or triple) of the bond. Typical bond 
lengths are summarized in Table 2.2. 


Section 2.3 Resonance structures 


* Resonance structures show the different ways that electrons can be distributed 
among atoms in a molecule. Rules for drawing such structures are summarized 
in Section 2.3b. The criteria used to evaluate the relative importance of reso- 
nance forms are given in Section 2.3c. 


Section 2.4 The formation of bonds 


e A chemical bond is defined as the overlap between orbitals, which are mathe- 
matical functions that describe the probability of finding an electron in a par- 
ticular region of space. 


* Asigma (б) bond is formed when overlap occurs between two orbitals that lie 
along the line connecting nuclei of adjacent atoms. 


Section 2.5 Hybrid orbitals and shapes of molecules 


* The geometry of the bonds around a given atom is related to the number of 
electron pairs surrounding that atom, a correlation known as the valence-shell 
electron-pair repulsion (VSEPR) model. 

* Hybridization—the mixing of atomic orbitals—accounts for the observed 
shapes predicted by the VSEPR model. These data are summarized in Tables 2.3 
and 2.4. 


* Drawings that depict orbitals and their overlap to form bonds are referred to as 
valence bond representations. 


* Api (п) bond results from overlap between parallel р orbitals on adjacent atoms. 


Section 2.6 Bonds with heteroatoms 


* The hybridization of a heteroatom is assigned according to the VSEPR model 
making use of the number of regions of electron density when multiple bonds 
are present. 


* Oxygen and nitrogen atoms often have sf*-hybridization if the heteroatom is 


bonded to a carbon atom with s/? hybridization. This type of hybridization per- 
mits electron pairs on a heteroatom to interact with x bonds in the molecule. 
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Section 2.7 Delocalized л electron systems 
* Benzene and its derivatives have a 7 system in which overlap occurs between ad- 
jacent p orbitals, allowing the electrons to be delocalized. 
* Lewis structures can be modified to depict delocalized л electrons. The most 
common modification is used for benzene and its derivatives, in which the л sys- 
tem is represented by a circle circumscribed by a hexagon. 


Section 2.8 Noncovalent interactions 

* Several types of noncovalent interactions occur readily because of electrostatic 
forces between ions, polar molecules, and nonpolar molecules that are mo- 
mentarily deformed to create dipoles. Electrostatic forces are generally much 
weaker than covalent bonds. 

* Hydrogen bonds are noncovalent interactions formed by the electrostatic at- 
traction between a heteroatom (8-) and hydrogen (5+) bonded to a second het- 
eroatom. 

* Hydrogen bonds can influence the structures and physical properties of mole- 
cules such as solubility or melting and boiling points. 


ĖS 


KEY TERMS 

Section 2.1a Section 2.4b Section 2.8a 
Lewis structure valence bond theory electrostatic forces 

с (sigma) bond 
Section 2.1b Section 2.8b 
formal charge Section 2.5a hydrogen bond 

VSEPR model hydrogen-bond donor 
Section 2.2a hybrid orbital hydrogen-bond acceptor 
electronegativity intermolecular 
dipole Section 2.5с intramolecular 
polarizable п (pi) bond 
Section 2.3a Section 2.5e 
localized carbocation 
resonance structure carbanion 
resonance hybrid radical 

carbene 
Section 2.4a 
wave function Section 2.7a 
node delocalized 


с ——— á— ————— ————— HU —— 
ADDITIONAL EXERCISES 
2.14. Drawa Lewis structure for each of the following molecules: 
a. 2-Methyl-3-pentanone b. 3-Bromopropanenitrile 
c. 9-Hydroxycyclopentanecarboxylic acid d. 3-Methoxybenzaldehyde 


2.15. Based only on the VSEPR model, what is the hybridization of each non- 
hydrogen atom in the structures you drew as answers for Exercise 2.14? 
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2.16. Label each bond as either б and 7 in the following structures: 


a. b. с. 
н H н 
H cI bd H H o^ 
LE dt | 4 N f | 1 | 
H—C—C—C—C—H C—N H—C=C—C—C=C—H 
| | | X-c be 
H H H JUS 
H H 


2.17. In the following comparison of bonds, indicate which bond is the shorter: 


a. Nitrogen-oxygen bonds in b. Carbon-oxygen bonds in 
CH,—0—N—O CH,—C—0—H 

c. Carbon-nitrogen bonds in d. Carbon-halogen bonds in 
H,C—NH; or H—C=N CH;CH,—Br or  CH—l 


2.18. Calculate formal charges for all of the non-hydrogen atoms in the following 
compounds. Draw a complete Lewis structure first. 


a. b. c. 
[9] H H = 
p ! нс ОС о 
ГА НЫС US d ee S 
N C CH; C C 
\ £N /N | 
о H H H H о 
Nitrobenzene Methyl ethyl sulfoxide The anion derived 


from butanoic acid 


2.19. Draw Lewis structures for sulfur trioxide, SOs, and for the sulfite ion, SO37. 
Include formal charges, if any, on each atom. Draw resonance forms where neces- 
sary. Comment on their differences with respect to the distribution of electrons. 


2.20. The following compounds were introduced in Exercise 1.24. Assign appropri- 
ate hybridization to the carbon atoms in each of these drug molecules (it might 
be helpful to consult your previous solutions to the Chapter 1 exercise to see the 
expanded structures). 


NH, 
POT 
k о о. 
O соон М 


Novocain Captopril Prozac 


local anesthetic antihypertensive drug antidepressant drug 
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2.21. Which of the following pairs of Lewis structures do not constitute resonance 


structures? 

Her :ÓH 

1 | + E uw 
a. CH3CCH; and CH3;C=CH, d. H—C=NH and H—C=NH 

© id ia Я 
b. CH,—CH—CH апа *СН,—СН==СН е. CH,CHCH; and — CH,CHCH; 
m ae + .. 

с. CH CH= CHCH; and CHCH CH=CH, f. CH;N=C=0 and CH;NzC—O:^ 


2.22. For each set of resonance structures, rank each in order of its relative 
importance to contribute to the resonance hybrid. 


"D. "o. TN "O. + “о. ^ О. P 

/ А / : / / / 
a. CH, —CH— C. — єн,—сн=с. — «CH, —CH=C, b. CHC oo с 

CH; CH; - CH; NH; NH; 


с. CHy=C=O € ^0H—ce0:5 e *сн,—б=б 


| | | 
Ны СН d nn „Н ные CR UH 
EP Uu wu 
c 
H^ “< ^u H^ bd ^u H^ hd Ун 
H n NE H H 


2.23. Тһе boron atom in boron trifluoride is an exception to the octet rule because 
it has only six electrons. 

a. Draw a Lewis structure for BFs. 

b. ВЕ» reacts with diethyl ether, CoH4-O-C$Hs, to form a substance called boron 
trifluoride etherate, which has the formula BFs[O(C2Hs)o]. In this molecule, 
the oxygen atom of the ether group forms a bond with the boron atom. Draw 
a Lewis structure for this substance, including formal charges. Is it surprising 
that this substance is stable (it can be distilled at 126°C)? 


2.24. Draw at least two resonance structures for each of the following species: 


a. b. с. 
H 
| H 
CH3, CX, СНз CH,—ONO CH 
С С HC E 
| 1 Methyl nitrite ll C—H 
о о нс. / 
cae 
H 
Anion of 2,4-pentadione Cycloheptatrieny! cation 
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2.25. In Section 2.5e, you were introduced to carbenes, species'in which the carbon 
atom has six electrons and is bonded to only two groups. The simplest carbene 
is :СН», methylene, and the nonbonded electrons can either be paired (singlet 
methylene) or unpaired (triplet methylene). Figure 2.18 showed the orbital pic- 
ture for singlet methylene. 

Draw the valence bond representation for triplet methylene and predict the 
hybridization of the carbon atom. 


H H 
\ Xs 
С: С, 
/ / 
H H 
Singlet methylene Triplet methylene 


2.26. Draw a complete valence bond representation for each of the following 


compounds: 

a. b. c. d. 3 
о CH; 

3 2 1 ll i 2 3 i Эу 

H,C=CH—C=N С H,C=CH—O—CH; H,C=C 

í сн{ “мн, VI 
CH; 
Acrylonitrile Acetamide Methyl vinyl ether 2-Methyipropene 


2.27. For the corresponding structures shown in Exercise 9.26, give the expected 
bond angles for each set of atoms indicated. 


ZC2—Ci—N ZC1—C2—€C3 ZH—C3—H 
b. ZC—C—N ZE=C--O ZN—C—O ZH—C—H 


c. ZC2—0—C3 ZC1—C2—O ZH—C1—H ZH—C3—0 
d. 2С4—С2—С1 ZC4—C2—C3 ZH—C3—C2 


2.28. Among the following compounds, the amide has the highest boiling point. Ex- 
plain briefly: 


a. о b. о © 
| l 


fe o 
сн; "CH,CH,CH, HN^ — "CH,CH;CHs нс“ — CH,CH;CH, 


2.29. Of the compounds shown in Exercise 2.28, which one would you expect to have 
the greatest solubility in water? Explain briefly. 


2.30. The following two compounds react with each other to produce a hydrogen- 
bonded dimer. Include the unshared electrons on each heteroatom, then indicate 
the hydrogen bonds that are expected to form. 


H Г о CH; 


| 
өы. Аң, en yg ең, 


о о о о 


Additional Exercises 


2.31. Of the following compounds, which can function as a hydrogen-bond donor to 
water in an aqueous solution? Which is a hydrogen-bond acceptor with water as the 
hydrogen bond donor in an aqueous solution? Which is a hydrogen-bond donor 
and acceptor with itself in a nonpolar solvent like hexane? 


а b. с 
о 
I l | 
^ 
CHí “он CHí “н, сн NH, 
d e. f. 
CH, о 
" I ] 
Pa [e 
CHY CH; CHí “сн; сн ^H 


2.32. Illustrated below is a common structural feature in proteins called a reverse 
turn, which allows a protein to fold back on itself (the identity of the R groups is ir- 
relevant for the purpose of the exercise). Hydrogen bonds are formed across the 
intervening space to stabilize a reverse turn. Include the unshared electrons on 
each heteroatom, and then indicate three such hydrogen bonds that could form. 


о H R 
H l d Protei 
JP in 
ВС ^N^ “С 
M 
[е] 
Ох. / 
f o 
i H 
H—C 
J^ ме Rut 
R; H \ Protein 
R H 
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CHAPTER 


3 


THE CONFORMATIONS 
OF ORGANIC MOLECULES 


3.1 CONFORMATIONS OF ACYCLIC COMPOUNDS 

3.2 CONFORMATIONS OF CYCLIC COMPOUNDS 

З.З CONFORMATIONS OF SUBSTITUTED CYCLOHEXANES 

3.4 CONFORMATIONS OF OTHER CYCLIC COMPOUNDS 
CHAPTER SUMMARY 


Even a cursory look at the historical development of organic chemistry makes it clear 
that chemists knew a great deal about the three-dimensional shapes of molecules by the 
late 1800s, particularly with respect to the tetrahedral geometry of a carbon atom with 
four single bonds. The development of bonding theories has since added to our un- 
derstanding of molecular structures, and we can often make accurate predictions about 
the shapes of new compounds. This predictive power has also led to the recent devel- 
opment of computer software to calculate structures of molecules. As yet, however, we 
can obtain only approximate structures for complex molecules such as nucleic acids 
and proteins, so interpreting those calculations still requires caution. 

This chapter and Chapter 4 will explore the three-dimensional shapes of organic 
molecules, relating spatial orientations with the idealized geometries and representa- 
tions covered in Chapter 2. Because the specific structures of biologically important 
substances influence their interactions with other molecules, it is important to under- 
stand these fundamental aspects of stereochemistry, the three-dimensional relationships 
between atoms in a molecule. 

This chapter will focus on the conformations of molecules. A conformer represents 
the instantaneous orientation of the atoms in a molecule that results from rotation 
about carbon-carbon © bonds. Under normal conditions, sufficient energy is present 
to interconvert the infinite numbers of conformers in which a molecule can exist. 
Many chemical transformations occur, however, only when two substituents are specif- 
ically oriented. Knowing which structural arrangements, or limiting conformations, are 
likely to predominate will help later to understand reaction chemistry. 


3.1 CONFORMATIONS OF ACYCLIC COMPOUNDS 


3.1a CONFORMERS ARE INTERCONVERTIBLE SPATIAL ORIENTATIONS OF 
THE SAME STRUCTURE PRODUCED BY ROTATION ABOUT с BONDS 


In discussions about the structures of molecules, we must first make a distinction be- 


tween isomerism and conformation. Isomers are different compounds that have the same 
molecular formula, and they are usually stable toward interconversion at room temper- 
ature. Figure 1.7 summarized the types of constitutional isomers. Transforming one 
such isomer to another normally requires that at least one bond is broken and made. 
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Figure 3.1 

Limiting conformations of 
ethane, showing ball-and-stick 
models and line structures in 
the sawhorse (a.) and 
Newman (b.) projections. 


CHAPTER 3 The Conformations of Organic Molecules 


Conformers, on the other hand, constitute arrangements of atoms that are readily 
converted to other spatial orientations by rotation about б bonds. The specific orienta- 
tion of a given conformer is termed its conformation. Interconversion of different conforma- 
tions does not require a bond to be broken. (Some chemists use the term “conformational 
isomer" as a synonym for conformer, but this text will use the term conformer exclusively.) 

To understand why different conformations exist, recall that a О, bond lies along the 
line connecting two nuclei, so there is no orientation in which overlap between the or- 
bitals is compromised. Conformers exist because the relative positions of the substituents 
oni different atoms, especially carbon, change as rotation about the bond axis occurs. 


Rotation about the c bond between two atoms 


H H 
\ Су / occurs readily because overlap is not lost in апу 
н АС б С. н orientation. 
4 ~ V 
H H 


3.1b ЕтнАМЕ Has Two LIMITING CONFORMATIONS, 
ECLIPSED AND STAGGERED 


The simplest molecule that has discernable conformations is ethane, which has only 
one carbon-carbon bond about which rotation occurs. If we fix the position of one car- 
bon and its hydrogen atoms in space, we can consider where the hydrogen atoms of the 
second carbon atom are, relative to the first ones. To see and to represent these con- 
formations, you must first draw the molecule in a way that reveals its three-dimensional 
structure. One type of representation, shown in Figure 3.1a, is called a sawhorse pro- 
jection, which is displayed both аз а three-quarter view and a side view. The other [Fig. 
3.1b] is called a Newman projection, which is the view looking along the carbon-car- 
bon bond. In a Newman projection, you are looking end-on at a single carbon atom 
with its three attached atoms. The lines go to the center of the circle to indicate that 
these substituents are connected to the carbon atom in front. The other three bonds 
go only to the edge of the circle, indicating that they are attached to the carbon atom 
that cannot be seen from this orientation. 

In the ethane molecule, the hydrogen atoms can assume an infinite number of 
orientations relative to each other, but only two unique limiting conformations exist, as 
shown in Figure 3.1. In one, the hydrogen atoms are eclipsed with one another, which 
means that each hydrogen atom is directly in front of another when you look along the 
carbon-carbon bond in the Newman projection. In the other limiting conformation, 


a. 
н JE iN H 
8 OH 
A C— Cin, Has T 
Tsay see yeah EUN 
H H H 
å view Side view Side view 
Sawhorse projection of ethane in Sawhorse projection of ethane in 
the eclipsed conformation the staggered conformation 
b. H 


" his hydrogen atom is on H 


the carbon atom at the rear—~__ Т н 
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the hydrogen atoms are staggered, which places them as far apart as possible. The stag- 
gered conformation is more stable than the eclipsed conformation. 

Another way to evaluate conformations is to make a graph that plots energy versus 
the angle of rotation of one carbon atom relative to the other. For ethane, such a plot 
is shown in Figure 3.2. The starting point is the eclipsed conformation. | 

As we look along the carbon-carbon bond, we can envision the angle formed be- 
tween two carbon-hydrogen bonds on adjacent atoms, a relationship known as the tor- 
sional or dihedral angle. In connection with the torsional angle, the energy value passes 
through a maximum or minimum point with every 60° of rotation. When the hydrogen 
atoms are staggered (60°, 180°, etc.), the energy value reaches its minimum; when the 
hydrogen atoms are eclipsed (0°, 120°, etc.), the energy value is at its maximum. 


м, 
jy 7 Torsional angle 
La 


H 
H H 
rotate the C atom 
ey 
H in back H 


H H 
H H HH 


Eclipsed conformation 
(torsional angle = 0°) 


A simple rationalization for the lower energy value—and therefore greater stability-of 
the staggered conformation is that thé hydrogen atoms are farther apart. As a result of 
these greater distances, repulsive electrostatic forces between the hydrogen atoms (and 
the C-H bonds) are smaller. Predictions about the relative stabilities of conformations 
based on this simple notion are usually correct although other factors are involved, too. 


3.1с CONFORMATIONS OF SUBSTITUTED ALIPHATIC COMPOUNDS 
ARE CALLED SYN-PERIPLANAR, GAUCHE, 
ANTICLINAL ECLIPSED, AND ANTI 


Consider now a slightly more complex molecule—butane—in which one hydrogen 
atom on each carbon atom of ethane is replaced by a methyl group. For butane, several 
additional conformations correspond to energy minima and maxima caused by rotation 
about the central carbon-carbon single bond. These conformations are shown in Figure 
3.3, using both the sawhorse and Newman projections. When the dihedral angle equals 
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Figure 3.2 

An energy diagram for the 
conformations of ethane as a 
function of torsional angle. 
All of the hydrogen atoms are 
equivalent. Two are arbitrarily 
labeled H, and Hy, to illustrate 
their relationship to each 
other as rotation occurs about 
the C-C bond. There are only 
two unique, limiting conform- 
ations: eclipsed and staggered. 
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Figure 3.3 

Some conformations for 
butane created by rotation 
about the C2-C3 bond. 


Figure 3.4 

An energy diagram for the 
conformations about the 
C2-C3 bond in butane. The 
energy values are given in 
kilocalories per mole (kcal 
mol), The least stable 
conformation, shown at the 
center, has the two methyl 
groups eclipsed. 
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These sawhorse projections are seen from the side; notice that rotation about the C-C bond 
is occurring with the orientation of the carbon atom on the left heid fixed. 
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jecti formation shown directly above in 
Each of these Newman projections corresponds to the con c 
the sawhorse representation. The view is along the C-C bond from the left. Notice et e 7 
orientation of the carbon atom in front stays fixed while rotation occurs about the С-С bond. 


0°, both methyl groups are eclipsed, which is the highest energy form of butane and is 

called the syn-periplanar conformation. The electron density of the to methyl groups 

fills a volume of space that leads to substantial electrostatic repulsion between them. 

This repulsive interaction is called 4 steric effeci which has the connotation that e 

methyl groups act as "hard spheres" that cannot occupy the same space at the sme time. 
An energy diagram for the conformations of butane is shown in Figure 3.4. 


EXERCISE 3.1 


Make a model of butane and examine how closely the methyl groups approach each 
other in the syn-periplanar conformation. Draw the sawhorse projection of your model, 


including all of the hydrogen atoms. 
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3.1 Conformations of Acyclic Compounds 


As rotation about the C2-C3 bond in butane continues past the syn-periplanar 
conformation, the molecule passes through a minimum energy conformation in which 
the torsional angle between the methyl groups is 60°. This orientation, analogous to a 
staggered conformation in ethane, is called the gauche conformation. 

As rotation proceeds, the molecule passes through another energy maximum as 
the methyl groups and hydrogen atoms become eclipsed with one another. This is the 
anticlinal eclipsed conformation. Further rotation puts the molecule in its most stable con- 
formation in which the torsional angle between the methyl groups is 180°, and the 
methyl groups reach the point of greatest separation. This is called the anti (antiperi- 
planar) conformation. Rotation from 180° to 360° repeats the process of producing an- 
ticlinal-eclipsed, gauche, and finally syn-periplanar conformations. 

The eclipsed hydrogen-hydrogen interaction in ethane is estimated to be ~ 1 kcal 
mol", In butane, we find that creating a hydrogen-methyl eclipsed interaction costs 
~ 1.4 kcal mol; a methyl-methyl eclipsed interaction, ~ 2.5 kcal mol; and a methyl- 
methyl gauche interaction, ~ 0.9 kcal mol, These values can be used to estimate the 
energy barriers among different conformations of other alkanes. 

As a molecule's structure increases in complexity, the number of possible confor- 
mations that exist at energy minima and maxima increases. To predict a compound's 
most stable conformation, you would have to look individually at each pair of adjacent 
hydrocarbon units. For example, the conformations illustrated in Figure 3.3 for butane 
considered only the bond between C2 and C3, each with its substituents. For the entire 
butane molecule, the conformations of the two terminal carbon-carbon bonds (C1-C2 
and C3-C4) would have to be assessed, too. In general, the more stable conformations 
of alkanes have the largest groups staggered, but entropy effects (not discussed here) 
become more significant for longer chains, and the evaluation of overall conforma- 
tions for larger molecules can be complicated. 

To draw accurate conformations of the groups attached to a single bond in an 
aliphatic molecule is straightforward, and the following example shows how to repre- 
sent and assess the relative stabilities of the possible conformations. 


EXAMPLE 3.1 


Draw the most stable conformation of 1-phenylpropane with respect to the C1-C2 
bond, showing both Newman and sawhorse projections. 


First, interpret the name of the compound and draw its structure, making certain to 
show the bond about which you will rotate to generate its conformations. 


H H 
3 l2 lı 
емсс s 1-Phenylpropane 


н H 
Next, arrange the carbon framework іп the sawhorse and Newman projections. For 


simplicity, consider only the staggered conformations because you already know that 
eclipsed conformations will be less stable. 


Е » / н M H 
Сс, 
ун CH; "^H 
CH, СН; la 
3 


Choose a staggered conformation to begin 
because it will always be lower in energy 
than any of the eclipsed conformations. 
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Next, consider rotations about the C1-C2 bond, holding the position of C2 (the car- 
bon atom on the left) fixed: 


H y H C; Hs i lu 
Hat s Ha t =p Нее 
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Finally, choose the structure that has the largest groups anti to one another. In this case, 
the structure in the middle has the methyl and phenyl groups anti. In the other two con- 
formations, the methyl and phenyl groups are gauche with respect to each other. 


EXERCISE 3.2 


Draw the most stable conformation for each of the following compounds, showing 
both the Newman and sawhorse projections. For parts (a.) and (b.), drawan energy di- 
agram like that in Figure 3.4 for the rotation process, and estimate the energy differ- 
ences between limiting conformations. 


a. Propane b. 2-Methylpropane c. 2,2-Dichlorobutane 
(C1-C2 bond) (C1-C2 bond) (C2-C3 bond) 
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The energy differences that exist between conformations in the aliphatic com- 
pounds presented so far are relatively small quantities. The thermal energy available to 
a molecule at room temperature is sufficient to permit rapid interconversion between 
all possible conformations. It is also true, however, that a larger percentage of the most 
stable conformation is present at any given time, while the percentages are insignificant 
for those conformations that correspond to energy maxima. As the temperature 15 low- 
ered, the amount of energy available to cause rotation about the б bond decreases, so 
it is possible to "freeze" certain conformations. At low temperatures, only those con- 
formations that correspond to energy minima are present. 


3.2 CONFORMATIONS OF CYCLIC COMPOUNDS 


32a THe BoNDs IN RINGS HAVING THREE, FOUR, 
AND FivE ATOMS ARE STRAINED 


Cyclic hydrocarbons have different influences on their conformations because rota- 
tions cannot always occur to stagger the orientations between hydrogen atoms and 
other substituents. The bonds in small ring compounds—those with three or four 
atoms—experience Baeyer strain, a destabilizing energy effect that results from the de- 
viation of the angles in these rings from the idealized 109.5? angle of a tetrahedron. 
For cyclopropane, the angles at every corner of its triangular structure would have to 
be 60°, which is very far from 109.5°. For the square ring of cyclobutane, the theoreti- 
cal C-C-C angles would be 90°. 

These theoretical angles are based on the assumption that the carbon-carbon С 
bonds lie along the lines between the carbon atom nuclei (Section 2.4b). For cyclo- 
propane especially, such an arrangement would have a prohibitively high energy. One 
model used to describe orbital overlap in cyclopropane considers the б bonds to be 


3.2 Conformations of Cyclic Compounds 
a b. 
H H H H 
H = H пас S Фен 
60° "e 
(e 
H d H Н 


Linear с bonds would constrain 


With bent c bonds there is | i 
the C-C-C angles to 60°. Serp 


and each ZC-C-C is 102°. 


"bent", as illustrated in Figure 3.5. Even so, the angle at each vertex is - 102?, which is 
still strained compared with the tetrahedral ideal of 109.5°. The overlap between the 
hybrid orbitals in these bent bonds is also not as good as overlap between collinear or- 


H AT AL т 
bitals. Asa result, compounds that have a three-membere ring are more reactive than 


H orcum pP Е 
other cyclic compounds, as you will see later. 
Cyclopentane also experiences strain in its bonds, but in a different way than either 


cyclopropane or cyclobutane does. The angles at each vertex in a regular pentagon are 
108°, which is close to the value for a tetrahedral angle of 109.5°. As expected, cy- 


ырромапе i relatively free of Bacyer strain. In this nearly ideal geometry, however, 
hydrogen atoms on adjacent carbon atoms are eclipsed, as shown in Figure 3.6. This 
eclipsing geometry creates Grsional strain, so-called because the conformational en- 
ergy has its maximum value when the torsional angle is 0° (eclipsed). 


Нн н H Hy 
H H H 
If the rings were flat, substituents on the ring would necessarily 


be eclipsed, as shown for the hydrogen atoms on adjacent carbon 
atoms of these 3-, 4-, and 5-membered rings. 


To relieve either the Baeyer strain in the four-membered ring, or the torsional 
strain in the five-membered ring, one atom moves out of the plane, which decreases 
the number of eclipsing conformations between hydrogen atoms, as illustrated in Fig- 
ure 3.7. Cyclopropane cannot undergo such a change because three points define a 
plane, so its strain relief comes in the form of bent bonds, as shown in Fig. 3.5. 


E H a P H 
H 
E НАН HH 
н МЛ H H 
H H H I H 
H H HH H 


The actual shape of the cyclopropane ring is planar because three points define a plane. The 

ring in cyclobutane looks like a square creased and bent along its diagonal, and a five-membered 
ring is shaped like a partially opened envelope. These distortions in the four- and five-membered 
rings relieve some of the Baeyer and torsional strain that is present. 
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Figure 3.5 

Structures showing sigma 
bond formation in 
cyclopropane. (a.) The 
valence bond representation 
of cyclopropane assuming the 
с bonds lie along the lines 
connecting the carbon atom 
nuclei. (b.) The valence bond 
representation of cyclopropane 
assuming the 6 bonds are bent. 
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Figure 3.6 

Planar rings with three, four, 
and five carbon atoms. Other 
hydrogen atoms have been 
omitted for clarity; add them 
to the structures and confirm 
that all are eclipsed. 


Figure 3.7 
Actual shapes of three-, four-, 
and five-membered rings. 


igure 3.8 

‘he shape of cyclohexane as a 
lanar molecule and in the 
hair form. 


Figure 3.9 

Newman projections for two 
bonds in the chair form of 
cyclohexane, illustrating some 
gauche relationships between 
bonds. (a.) Sighting along the 
C2-C1 bond. (b.) Sighting 
along the C1-C6 bond. 
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32b ALIPHATIC Six-MEMBERED RINGS ARE FREE OF STRAIN 
IN A CONFORMATION CALLED THE CHAIR FORM 


The six-membered ring of cyclohexane is the only ring with fewer than 14 carbons that 
can adopt a conformation essentially free from strain. | . | : 

Figure 3.8a shows the planar form of cyclohexane in which neighboring hydrogen 
atoms are eclipsed with one another. In this geometry, the C-C-C bond angles would 
have to be 120° instead of 109.5°. But if one carbon atom is moved to a position above 
the plane and one atom on the other side of the ring to a point below the plane, the 
positions of the hydrogen atoms shift enough that each is staggered with respect to its 
neighbors, and the C bon es “relax” toward 109.5? (the actual angle is cy- 
clohexane is close to тт (Figure 3.8). In this form, called the chair conformation, 
all of the carbon-carbon bonds are gauche with respect to bonds emanating from the 
adjacent carbon atoms. Sighting along any carbon-carbon bond in cyclohexane reveals 
these gauche relationships, illustrated in Figure 3.9 for two of the bonds. 


H H 


...but by adopting this “chair conformation,” 
the hydrogen atoms can all be staggered with 
respect to those on adjacent carbon atoms. 


If cyclohexane were planar, the hydrogen 
atoms would have to be eclipsed... 


EXERCISE 3.3 
Draw some of the other Newman projections for individual carbon-carbon bonds in 
cyclohexane, and verify that all of the carbon-carbon bonds adopt a gauche orientation. 
Use a model if necessary. 


Three-dimensional models will help as you examine the shapes of cyclohexane and 
its derivatives. It is difficult to stress too much the value of using models to learn this material. To 
transfer the structural information from a model to paper, however, you must learn to 
draw the chair form of cyclohexane reliably, so that you can convey in two dimensions the 
relationships that exist between the substituents attached to the ring. As you will soon dis- 
cover, the geometric arrangement of substituents has а significant influence on the con- 
formations, stabilities, and reactivity of substances that have a six-membered ring. 


a. 
1 (directly behind C2) 
3 H/H 
5 
6 
H 
b. 
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5 
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Н м (directly behind C1) 


3.2 Conformations of Cyclic Compounds 


1. Draw two parallel lines 
that are offset and slope 
slightly left to right. 


2. Connect each end by two 
lines that meet at an angle, 
one pointing up and the 
other down. (shown in color). 


— L7 


4. Add the equatorial bonds (shown in color at the 
right), which are parallel to the carbon-carbon 


bonds within the ring (the figures below show ~~ 


these parallel relationships). 
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3. Draw vertical lines starting with C1 
(up), then alternate down/up around 
the ring. These are the axial bonds 


T ET Е 


Figure 3.10 shows how to make a perspective drawing of a chair form of cyclo- 
hexane. In the first step, draw two parallel lines of equal length, slightly offset from 
each other and sloped slightly down from left to right. Then connect the ends that are 
near each other with two V-shaped lines, one up and one down. Next, position what are 
called the axial bonds alternating up, down, up, down, up down around the ring, start- 
ing at the far right of the molecule. Finally, add the equatorial bonds. Notice that these 
lines are drawn parallel to the bond between the next two carbon atoms in the ring, as 
illustrated at the bottom of Figure 3.10. Compare your representations with those 


throughout this chapter, and you will soon be able to draw a six-membered ring reliably 
and without difficulty. 


3.2c CYCLOHEXANE CAN EXIST IN SEVERAL CONFORMATIONS 
THAT READILY INTERCONVERT 


The chair conformation represents the lowest energy form in which cyclohexane can 
exist. But, as we saw for acyclic compounds, the carbon framework is flexible, so nu- 
merous other conformations exist, too. At room temperature, the cyclohexane ring 
undergoes a rapid ring-flip, in which one end moves down and the other end moves 
up, as illustrated in Figure 3.11. The other carbon atoms have to twist at the same time 
(best observed with a set of molecular models), and several changes occur as a result: 
positions that were axial become equatorial, and positions that were equatorial become axial. No- 
tice, however, that positions that were up, relative to the mean plane of the ring, are still 
up; and positions that were down are still below the plane. A ring-flip converts axial and 
equatorial substituents but does not change the relative orientations of up and down. 


This end 2: | ! | 
flips up. ! i Ai Н 
2-9 Ck 
M | å = CAM 
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This end Ж П 


flips down. 


Key: 
—— Above ring 
—— Below ring 


Dashed = equatorial Dashed = axial 
Solid = axial Solid = equatorial 


Figure 3.10 
Ascheme for drawing the 
chair form of cyclohexane. 


Figure 3.11 

A ring-flip between chair con- 
formations in cyclohexane. 
This interconversion is an 
equilibrium process, which 
means the species on the left 
is converting to the one on 
the right, and vice versa. The 
double arrows (=) are used to 
indicate equilibrium processes. 
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Figure 3.12 

An energy diagram showing 
the relative stabilities for some 
conformations of 
cyclohexane. Numerical 
values are in kilocalories per 
mole (kcal mol"). 


Figure 3.13 

Limiting conformations of 
cyclohexane. The bonds shown 
in color are those that are 
above the plane of the ring. 
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Cyclohexane can exist in several conformations, the pue energies or - iR 

in Fi for butane, there is sufficient energy m 
shown in Figure 3.12. As you saw и ene genes 
erature to interconvert these conformations. As a result, the ring-flip that eq т 
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the two chair forms re: Even iud 
tions exist for cyclohexane, we will focus only on the two limiting forms—chair and 


conformations—and these are shown in Figure 3.18. 


"flagpole" interaction 
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| — C4 eclipsed C1—— 
Lee 
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| 


i lipsed 
The boat conformation has several ес 
interactions between carbon-carbon bonds, as 
well as a flagpole interaction when groups 
larger than H are bonded at C1 and C4. 


The chair conformation has 
only gauche interactions 
between carbon-carbon bonds. 


EXAMPLE 3.2 


Draw a Newman projection (use a model if necessary) Do Ms drm 
i i hexane illustra: ‚ 
ight side of the boat conformation of cyclo a s 
е 2 fig. 3.9). Identify the conformational relationships (eclipsed, gauche, or anti) 


between the bonds. 
ee 


First, draw the conformational form, identify the bond to be ir and add 
(and label) the substituents, which are hydrogen atoms in this molecule. 


с g= 
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“сз | DW 
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3.3 Conformations of Substituted Cyclohexanes 


Next, draw the Newman projection, with C2 at the front and C3 behind. Using a 
model, you can see that the С2-С1 and C3-C4 bonds point to the right, Ho, and Нз, 
extend down, and Hop and Нзь extend to the left and up. 


Hab Hsp 
C1 
C4 
Hs 
Ha 


In the boat conformation, all of the bonds radiating from C2 are eclipsed with the 
bonds emanating from C3. The eclipsing interactions between the bonds on C2 and 
C3, as well as those on C5 and C6, make the boat conformation much less favorable 
than the chair form of cyclohexane. 


EXERCISE 3.4 


Draw a Newman projection looking along the C1-C2 bond from the top of the boat 
conformation of cyclohexane illustrated in Figure 3.13. Identify the conformational re- 
lationships (eclipsed, gauche, or anti) between the bonds on these two carbon atoms. 


3.3  CONFORMATIONS OF SUBSTITUTED CYCLOHEXANES 


3.3a SUBSTITUTION OF A HYDROGEN ATOM IN CYCLOHEXANE 
STABILIZES CONFORMATIONS IN WHICH THE SÜBSTITUENT 
Is EQUATORIAL 


Cyclohexane undergoes a rapid ring-flip between two equivalent forms, which simply in- 
terchanges the axial and equatorial hydrogen atoms. As noted in Figure 3.11, this is an 
equilibrium process. Replacement of a hydrogen atom with a methyl group produces 
two different chair conformations, however, in which the methyl group is axial in one 
and equatorial in the other. These two conformations are no longer equivalent in en- 
ergy, and the conformation with the equatorial methyl group is more stable. The two 
species are still involved in an equilibrium process, but we use double arrows of un- 
equal length to indicate which species exists in a greater quantity. 


The methyl group is axial. The methyl group is equatorial. 


In fact, if you were to survey the results from experiments on hundreds of substituted 
six-membered ring compounds, you would find this same result: Amy group larger than 
hydrogen on a cyclohexane ring generally stabilizes the conformation in which that group is in the 


Iu ILI position. — 
'aucheinteractions between the methyl group and adjacent carbon-carbon bonds, 


constitute one factor that destabilizes any conformation with an axial substituent. As 
shown in Figure 3:14, two gauche interactions exist when the methyl group occupies the 


axial position, but there are no such interactions when the methyl group is equatorial. 
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Arrows indicate 


the ring C-C bonds and the С-СНз bond. 


Newman projection looking along the C2-C1 


and C4-C5 bon 


interaction between the C2- C3 bond and the 


In this conformation, the C-C bonds in the 


che interactions between J 
ae ring are anti to the C- CH; bond. 


Axial and up т апа ир 


Newman projection looking along the C2-C1 and 
C4-C5 bonds, showing the anti arrangement of 


i hi 
Td fca onda the C2-C3 bond to the equatorial methyl group. 


axial methyl group. 


Figure 3.14 


Chair conformations of methylcyclohexane illustrated with perspective drawings and Newman 
projections. 


The second destabilizing influence comprises the 1,3-diaxial interactions, which 
are caused by steric repulsions between an axial substituent and another axial sub- 
stituent (including hydrogen atoms) located two carbon atoms away. 


H 
H H~ aa 
| H ГА | 1,3-Diaxial interactions are 
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(To see this type of interaction better, you may find it helpful to build a model of 
methylcyclohexane to study its three-dimensional structure.) The larger a substituent 
is, the greater will be the repulsive forces between itand the hydrogen atoms at C8 and 
C5. The next section presents a way to quantify these relationships. 


E — ——————— 
EXAMPLE 3.3 


Draw the most stable conformer of phenylcyclohexane. 


This exercise has an obvious solution, because there is only one substituent on the cy- 
clohexane ring. Draw one chair conformer and then generate the other with a ring- 
flip. The conformer with the larger substituent in the equatorial position is the more 


stable. 


3.3 Conformations of Substituted Cyclohexanes 


The phenyl group is axial. The phenyl group is equatorial. 


EXERCISE 3.5 


Two of the possible conformations of methylcyclopentane are shown below. Which do 
you expect to be more stable? Cyclopentane derivatives do not have significant 1,3- 
diaxial interactions, so the gauche interactions mainly influence their conformational 
stabilities. Identify all of the gauche interactions that are present in each conformation. 


3.3b THE PERCENTAGE OF EACH CHAIR CONFORMER CAN BE 
CALCULATED FROM STANDARD FREE ENERGY DIFFERENCES 


If you have studied thermodynamics in a previous course, then you may recall that the 
difference in energy between reactants and products for a chemical reaction is called 
the Gibbs free energy change, AG. This quantity indicates whether or not a particular 
process will occur—if AG « 0, the products are energetically more stable than the re- 
actants and the reaction can proceed from left to right as written. A more useful quan- 
tity, because it is constant for a particular set of reactants, is the standard free energy 
change, AG’. The degree symbol (°) designates that the reaction takes place under 
"standard conditions", which means that the reactants and products are in their most 
stable states at 25°C and that they have an initial solution concentration of 1 M or a gas 
pressure of 1 atmosphere (atm). 


We can use the same formalisms to quantify the equilibrium between two con- 


related to the equilibrium constant, Keq, by the expression 


- [B] 
* TA] (3.1) 
The correlation of AG? with Keq is given by the equation 
AG’ =-RT In Keg (3.2) 


where R = 1.986 cal · mol! - K-! and Tis the temperature in Kelvin (К). By rearrang- 
ing Eq. 3.2, we derive the following expression for Keq: 


Keg = е 06 / RT) (3.3) 
At 298 К, when AG? is measured in kilocalories per mole 


| eme | (8.4) 
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Even small differences in the free energy lead to nearly complete conversion of A to B. 
The percentage of component В in such a mixture can be calculated from the expression 


PB = 100[Keq/(1 + Keq)] (3.5) 


A compilation of these values is presented in Table 3.1. 


Table 3.1 Correlation among values for AG’, Keq, and 
%B for the equilibrium A = B at 298 K. 


AG? (kcal mol!) Keq %B 
+14.0 0.18 15 
+0.5 0.43 30 
0.0 1.0 50 
-1.0 5.4 84 
-2.0 29 97 
-3.0 159 99.4 


EXAMPLE 3.4 


Calculate the values of Keq and %B at 298 К for an equilibrium reaction А = B that has 
AG? =-0.5 kcal molt, 


To calculate the value of К.а we substitute the given value of AG? into Eq. 3.4 and solve 
the expression 


Keg = 7 1.69(-0.5) _ «0.845 _ 9 33 


To calculate the percentage of B in the equilibrium mixture, we use Eq. 3.5 


%B = 100[Keq / (1 + Keq)] = 100(2.33/3.33) = 70.0% 


EXERCISE 3.6 


Calculate the values of Keq and percentage of B at 298 К for an equilibrium reaction 
А <= B that has the following AG? values. 


a. 45.0 kcal mot! b. -5.0 kcal mol! 


For a monosubstituted cyclohexane derivative, the identity of the substituent de- 
termines the energy difference between the axial and equatorial conformations, and 
these differences are summarized in Table 3.2. Using values for the free energy 
change between the two forms (illustrated in the figure at right of Table 3.2), we can 
readily calculate the percentage of each chair conformer that is present at any given 
temperature. For some substituents, such as fluorine, the ratio of Xaxial and Xequatorial 
does not deviate far from the 50:50 ratio of cyclohexane itself. For a larger group, such 
as methyl, only a small portion of the conformer exists with the substituent in the axial 
position. 


3:3 Conformations of Substituted Cyclohexanes 


Table 3.2 Energy differences (AG?) for equilibration of monosubstituted 
cyclohexanes, CgH; X. 


AG? (equatorial — axial) 


Substituent, X (kcal moF!) 
-H 0.0 
-F -0.2 i 
(Less stable conformations: 
-CN -0.2 half-chair, boat, twist-boat) 
-Ci -0.5 
-Br -0.5 
~C=CH -0.5 
э 
-OCH; -06 8 
-OH 40° Š 
-COOH “1.4 
-CH3 -1.7 
-CH=CH> -17 
-CH2CH3 -1.8 
-CH(CH3; -24 
-CgHs -2.9 
-C(CH3)s -5.4 


From the given AG values, calculate the values of Keq and the percentage of equator- 
ial isomer present at 298 K for each monosubstituted cyclohexane in Table 3.2. Refer 
also to Eq. 3.4 and Eq. 3.5. 


3.3c THE TERT-BUTYL GROUP HAs А LARGE CONFORMATIONAL 

BIAS FOR THE EQUATORIAL POSITION 
The possible chair conformations for ethylcyclohexane are like those for methylcyclo- 
hexane, and even their Аб values are similar (Table 3.2). When the ethyl group is 
axial, it can adopt a conformation that orients its methyl group away from | the ring, as il- 
lustrated in Figure 3.15. As a result, there is little increase in the 1,3-diaxial interactions 


H 
H H~ сан 


Methyicyclohexane Ethylcyclohexane 


As already seen, the hydrogen atom 
on the methyl group experiences a oriented so that steric interactions 
steric interaction with the hydrogen are not much greater than those in 
atoms at positions 3 and 5. methylcyclohexane. 


The "extra" methyl group can be 


Figure 3.15 
Chair conformations of methyl, ethyl-, and isopropylcyclohexane with the substituent in the 
axial position. 
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tsopropylcyclohexane 


As in the ethyl derivative, the isopropyl 
group can be oriented so that the 1,3- 
diaxial interactions are not much more 
severe than those in methylcyclohexane. 
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relative to those of methylcyclohexane. Likewise, isopropylcyclohexane is also not much 
different from methylcyclohexane. It, too, can adopt a conformation that minimizes the 
interaction of both methyl groups with the hydrogen atoms at the 3- and 5-positions of 
the ring. For all three compounds at room temperature, a small percentage of the mol- 
ecules exist with the alkyl group in the axial position. 

tertButylcyclohexane, shown in Figure 3.16, is a different case altogether. The ad- 
dition of the third methyl group to the alkyl substituent requires that there will always 
be a large steric interaction with the hydrogen atoms at the other axial positions when 
the £ertbutyl group is axial. Therefore, a tertbutyl group will almost always be equator- 
ial (cf. Exercise 3.7). 


Figure 3.16 

The chair conformation of tertbutylcyclohexane with the tert-butyl group in the axial position 
(left) to illustrate the extremely unfavorable 1,3-diaxial interactions. The conformation with an 
equatorial tert-butyl group is greatly preferred. 


3.3d DisuBsTITUTED CYCLOHEXANES CAN Exist As ISOMERS 
As WELL As CONFORMERS 


Having looked at conformers for monosubstituted cyclohexane derivatives, we now 
turn our attention to disubstituted compounds, beginning with 1,2-dimethylcyclo- 
hexane. This simple disubstituted derivative can exist in two isomeric forms. When the 
hydrogen atoms are on the same side of the ring, the compound is called the cis iso- 
mer; when the hydrogen atoms are on opposite sides of the ring, itis the trans isomer. 
In the names of disubstituted cycloalkanes, the prefix cis or trans (italicized) is placed 
in the front field to indicate that two groups are on the same or opposite sides of the 
ring. Thus, the names of the compounds of this type shown below are cis-1,2- 
dimethylcyclohexane and trans-1 ,2-dimethylcyclohexane, respectively. 


H н 
PCH: TCH; 


trans-1,2-Dimethylcyclohexane 


Ев 
=x 


cis-1, 2-Dimethylcyclohexane 


The hydrogen atoms are on same side of the The hydrogen atoms are on opposite 


plane of the ring (below); therefore both sides of the plane of the ring (one above 
methyl groups are above the plane of the and one below); thereofore, one methyl 
page. group is up and one is down. 


Notice that in these "flat" representations (you are looking directly down onto the 
ring), “up” and “down” have to be indicated by wedges and dashed lines, respectively. 
Bonds shown by wedge lines are above the plane of the paper, and those with dashed 
lines are behind the page (Section 2.5b). Realize that these line structures do not in- 
dicate anything about the conformation of the six-membered ring. A perspective chair 


3.3 Conformations of Substituted Cyclohexanes 
cis-1,2-Dimethylcyclohexane 
CH; CH; 
1 1 
H — H 
CH; 
2 2 
H 


Firstiplace the substituent at C1 in 
its indi 
correct position (wedge = up). 


trans-1,2-Dimethylcyclohexane 
CH; CH; 


H 
à АСНз i 1 
1 = H EN H 
24, н 
2 2 
CH; 


“сн 
H 3 


Firstiplace the substituent at C1 in 
its indi 
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cated orientation (wedge = up).....then place the substituent at C2 in its 


cated orientation (wedge = up).....then place the substituent at C2 in its 


correct position (dashed wedge = down). 


Figure 3.17 
Drawing the chair conformations of the 1,2-dimethylcyclohexane isomers. 


form will be used to render that. Figure 3.17 shows how to'ensure that you draw the cor- 
rect isomer, which must be done before you consider possible conformations. 

Once the correct isomer has been drawn, you can consider its possible chair con- 
formations and answer the question, “Which is the more stable conformer?" For cis-1,2- 
dimethylcyclohexane, one methyl group is axial and the other is equatorial. A ring-flip 
converts the axial one to an equatorial one, but it also converts the equatorial one to 
axial. Therefore, the two chair conformers (Figure 3.18) have equal energy values. In 
each conformer, one of the two substituents must be axial. Also, for each conformer, the 
1,3-diaxial interactions will be identical. In one instance, they are above the ring; in the 
other, below. That fact does not change the magnitude of these repulsions, however. 

On the other hand, trans-1,2-dimethylcyclohexane has two energetically unequal 
chair conformations. In the one depicted at the left side of Figure 3.19, both sub- 
stituents are axial; a ring-flip puts each substituent equatorial. 

Even though both methyl groups are equatorial in the more stable conformation 
of this compound, they are still on opposite sides of the ring. One is up and one is 
down. Remember that a ring-flip does not convert different isomeric forms—cis is still 
cis, trans is still trans. A ring-flip converts only axial to equatorial and vice versa. 

or the two chair conformers of trans-1,2-dimethylcyclohexane, there is a large en- 
ergy difference. The diequatorial conformer is more stable than the diaxial conformer 
because it has no 1,3-diaxial methyl-hydrogen interactions. In the conformer with two 
axial methyl groups, there are numerous 1,3-diaxial interactions, both above and below 


the ring. 
CH 
3 CH; 
H — 
CH; CH; 
H B H 
In this conformation, one methyl group 


is axial, and one is equatorial. After a ring-flip...one methyl group is still axial, 
and the other is equatorial. 


Figure 3.18 

The two chair conformations 
of cis-1,2-dimethylcyclohexane 
related by a ring-flip. 
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li. an H И H Table 3.3 А summary of isomer and conformer relationships for the chair forms 
H of 1,n-di-X-substituted cyclohexanes. 
| 2 H = 2 à ———————————————————————————— 
| ü | | a cr | CH; Isomer Orientation of substituent at Orientation of substituent after ring-flip at 
cH H E 
H E H ci Cn C1 Cn 
———— — —— — — ———— — —M— 
In the diaxial conformation, there are In the diequatorial conformation, there 
numerous 1,3-diaxial interactions are 1,3-diaxial interactions only between cis-1,2- Axial Equatorial i i a 
between the methyl groups and the the axial hydrogen atoms on the ring. a Euston CET 
axial hydrogen atoms on the ring. This conformation is much more stable trans-1,2- Axial Axial : z san ENT 
because the bulkier groups are in e Equatorial Equatorial 
Figure 3.19 equatorial positions. Notice that this is cis-1,3- Axial Axial Equatorial Equatorial b 
Chair conformations of trans- still a ae ponents methyl group . Р il : ij а 
1,2-dimethylcyclohexane. is up, the other 15 down. trans-1,3- Axial Equatorial Equatorial Axial 5 
cis-1,4- Axial Equatorial Equatorial Axial А 
Two isomers exist for 1,3-dimethylcyclohexane as well. The isomer with methyl trans-1,4- Axial Axial Equatorial" "Equatorial b 


groups on the same side of the ring is cis-1,3-dimethylcyclohexane. Both groups must 
be either axial or equatorial, as shown in Figure 3.20. The preferred conformation as 
you would expect, places both methyl groups in equatorial positions to minimize the 
1,3-diaxial interactions. 

The other isomer, trans-1,3-dimethylcyclohexane, has the methyl groups on oppo- 
site sides of the ring. This is the trans isomer, for which one methyl group must be axial 
and the other equatorial. The two conformations have identical energies, just as you 


A M —— M —— 


;Conformers of equal energy. 
More stable chair conformer. 


saw for cis-1,2-dimethylcyclohexane. 

The isomers and conformers for 1,4-dimethylcyclohexane are analogous to those 
for 1,2-dimethylcyclohexane in terms of the relationships of axial and equatorial sub- 
stituents for the cis and trans isomers. Thus, cis-1,4-dimethylcyclohexane has one sub- 
stituent axial and the other equatorial in either chair conformation. For the trans 
isomer, both substituents are either axial or equatorial. 

A summary of the relationships for dimethylcyclohexanes is given in Table 3.3. 


3,3e THE FAVORED CONFORMATION OF A DISUBSTITUTED 
CYCLOHEXANE WITH UNLIKE SUBSTITUENTS HAS THE 
LARGER GROUP IN THE EQUATORIAL POSITION 
Six-membered rings that have more than two substituents or those in which the two 
substituents are not of equal size are more complicated to analyze than the simple di- 
methylcyclohexane derivatives described in Section 3.34. For compounds with more 
than two substituents, you must make a judgment about the relative bulk of each group 


and how it will affect the conformation. Alkyl groups are relatively e te be- ET 2 
EXERCISE 3.8 Р cause they are more li be found in the equatorial position. For example, the two IK N | AGA au © 
Draw the chair conformations for cis and transl | J-dimethylcyclohexane and indicate possibIe conformers of cis]-bromo-2-methylcyclohexane are shown in Figure 3.21. The eB 
which conformer is more stable for each of the isomers. conformation with an equatorial methyl group is more stable. 
^ 
cis-1,3-Dimethylcyclohexane Severe 1,3-diaxial interaction 
Br 
CH; (up) CH; { d CH; 
i CH; 1 H 
2 ——- H — gs -a CH; = 
2 3 i = НС 3 5 1 CH; H Br 
2 2 H H 
CH; H H H 
(up) Forithis cis isomer, the bromine atom is axial in one conformation, Figure 3.21 
and the methyl group is axial in the other. The conformation that i i i 
trans-1,3-Dimethylcyclohexane places the methyl group in the equatorial position is more stable. eir i s adi e 
1 CH; (up) CH; T CH; 6 
н Д в 
3 — 
X 3 3 "s 2 СНз 
: 2 2 , : s : 
CH; H3C CH; H To predict the relative stabilities of substituted cyclohexane derivatives, you can 
(down) make use of the data presented in Table 3.2 and subtract the AG? value for the axial 
- substituent from the AG? value for the equatorial group: 
Figure 3.20 9" mee 


The chair conformations of cis and trans1,3-dimethylcyclohexane. The 1,3-diaxial interaction 


" о n ; 
between the methyl group in the cis isomer is more destabilizing than one between a methyl If AG? < 0, then the conformation drawn first is favored. 


group and a hydrogen atom. This repulsive force makes the diaxial conformer much less stable 
than the diequatorial conformer that is formed by a ring-flip. 


* If AG? > 0, then the conformation after performing a ring-flip is favored. 


o If AG? = 0, then neither conformation is favored. 


SC - AG 
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Examples: 
CH,CH 
Н 3 Аб°оң— Аби = — 1.0 = (7 18) = + 0.8 
OH AG? is greater than zero; therefore, the chair 
conformation after a ring-flip will be favored. 
H 
N 
Ш Абау 7 AG = 1.7 7 (—0.2)=— 1.5 
H AG? is less than zero; therefore, this chair 
CH3 conformation as drawn is favored. 
H 


Notice that this type of analysis is needed only for the cis1,2-, trans1,3-, and cis1,4 
isomers. Chair conformations for the other isomers are more stable when both groups 
are equatorial (cf. Table 3.3). 


EXAMPLE 3.5 
Draw the more stable chair conformation of trans-3-chlorocyclohexanecarboxylic acid. 


— 


First, draw the correct isomer of the compound, then draw the chair conformation, as 
shown below: 


COOH à GOOH 
H 
LU = G 
cl 
trans-3-Chlorocyclohexanecarboxylic acid 

Then, calculate the energy difference using the equation, AG? = АС? (eq substituent) 
— AG (ax substituent)- For this molecule, as drawn, the chlorine atom is equatorial (eq) and 
the acid group is axial (ax). Therefore, AG? = АС? (с) - AG (coon) = (-0.5) - (-1.4) = 


40.9. Because AG? » 0, the conformation formed after a ring flip is the more stable. 


COOH 


pu | ee 
— 
H COOH 
d 


This chair form is favored. 


EXERCISE 3.9 
Draw the more stable chair conformation for the following molecules: 


a. trans-1-Bromo-3-fluorocyclohexane d. cis-1-tertButyl-3-methylcyclohexane 


b. cis-2-Ethylcyclohexanecarboxylic acid e. cis 1-Isopropyl-4-phenylcyclohexane 
c. trans-4-Chlorocyclohexanol 


Е trans-1,2-Dimethoxycyclohexane 
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3.4 CONFORMATIONS OF OTHER CYCLIC COMPOUNDS 


3.4a SoME COMPOUNDS WITH A SIX-MEMBERED RiNG ARE LOCKED 
INTO A SiNGLE CONFORMATION 


As mentioned in Section 3.3c, the tertbutyl group must adopt an equatorial orienta- 
tion, so it can be used to hold a cyclohexane ring in a specified conformation. Such de- 
rivatives are said to be conformationally biased. As an example, consider 
cis-1-tert-butyl-4-methylcyclohexane, in which the iertbutyl group must be equatorial, 
fixing the methyl group in the axial position: 


CH; 
H This derivative is "conformationally biased" 
because of the propensity for the tert-butyl (| 
(CH3)3C group to occupy the equatorial position. 


H 


The other chair conformation is much higher in energy because of the unfavorable 
steric interactions that would result if the tertbutyl were axial, so its quantity is negligible. 

Another way to study conformationally biased cyclohexane derivatives is to prepare 
derivatives of trans-decalin. Decalin is the common name for decahydronaphthalene. 
The rings in the trans isomer cannot flip because that would require one ring to span 
adjacent, axial positions in the other. 


3 1 a Hi H 
7 2 7 2 i 
5 3 6 3 $ 

5 4 5 4 4 М 
Naphthalene trans-Decalin cis-Decalin 


Therefore, the orientation of substituents is fixed, and the compound is said to be con- 
formationally locked. As illustrated in Figure 3.22, however, cis-decalin is not subject to 


this constraint. 
н Ге С 
- == 
5 4 5 3 н | 


trans-Decalin cis-Decalin 


H 


The other conformation cannot be Here, a ring-flip can occur. =_= 
formed because the second six Figure 3.22 
membered ring cannot span from 
one axial position to the other. 

) 


олз 


Chair-chair conformations of 
trans- and cis-decalin. 


EXERCISE 3.10 


a. Draw the chair-chair conformation for each of the two isomers of 2-methyl-trans- 
decalin. b. Draw the more stable chair-chair conformation for each of the two isomers 
of 2-methyl-cis-decalin. 
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3.4b THE CONFORMATIONS OF COMPOUNDS WITH LARGE OR 3.4c COMPOUNDS WITH Two RINGS ADOPT STABLE CONFORMATIONS 
Mu tiple Rincs CAN BE COMPLICATED OF THE INDIVIDUAL COMPONENTS BUT May BE CONSTRAINED 
When rings have seven or more carbon atoms, some of the conformations that exist are We close this chapter by looking at the conformations of compounds with two rings, 
similar to those observed for cyclohexane. For example, cycloheptane has a chairlike which can share one, two, or three atoms between them. 
conformation (Figure 3.23), but the "twist-chair" form is actually most stable. In rings 
larger than six atoms, chair conformations necessarily create some eclipsed hydro- e Substances in which one atom is shared between two rings are called spirocyclic 
gen-hydrogen interactions. When those higher energy interactions are removed compounds. Their conformations are not much different from those adopted 
through the twisting of certain bonds, the chairlike conformation is distorted. by monocyclic systems, but you have to pay attention to the conformations of 


both rings. The nomenclature for this type of compound starts with the prefix 
spiro, followed by a pair of brackets containing two numerals that specify the 


number of carbon atoms in each chain connecting the common carbon atom, 
followed by the root word for the total number of carbon atoms in both rings. The 
L / numerals in brackets are arranged in ascending order and are separated by a pe- 
‚ riod. Numbering begins in the smaller ring at the carbon atom adjacent to the 
H т | | spiro carbon atom and proceeds around the ring and into the other. 
k | 
H 


Cycloheptane Cycloheptane } 
—— 7 2 
Figure 3.23 The "chair" form has eclipsed hydrogen- The "twist-chair" conformation is the 6 3 
Some conformations of hydrogen interactions (C-C ring bonds most stable one for cycloheptane. > 4 
cycloheptane are shown in bold). 
Spiro[5.5]undecane Spiro[2.4]heptane 
Each six-membered ring is in its The five-membered ring is in the 
stable chair form. stable envelope form. 
р 
EXERCISE 3.11 * Fused bicyclic compounds are those in which two rings share two atoms, or a 
$ ә P m i : f nmo [ ubiquitous i re, isi I 
For the idealized “boat” conformation of cycloheptane shown below, identify the озади бом They are ubiqui ous in nature; comprismg many чар 
: : : ! \ : among substances known as alkaloids and terpenes, which include steroids. The 
eclipsed and gaucheinteractions. — ^J QUAS \ : i i 
NI = conformational analysis of these compounds depends in large part on the flex- 
ibility, or perhaps the lack thereof, in the ring system. The simplest fused system 
with six-membered rings is decalin, discussed in Section 3.4a. Both cis and trans 
isomers exist. The trans isomer, although conformationally fixed, is the more 
stable of the two because it has fewer gauche interactions than does the cis iso- 
mer. The same analysis can be applied to more complex ring systems such as 
those in steroids, which have four fused rings. 
With even larger rings, transannular (across-ring) interactions exist and may even ee Ф Е 
predominate, as illustrated for cyclodecane in the left side of Figure 3.24. Decalin Bicyclo[4.1.0]heptane Bicyclo[3.1.0]hexane Bicyclo[2.2.0]hexane 
Bicyclo[4.4.0]decane 
* Bridged bicyclic compounds have two rings that share three or more atoms, or 
H H а common face, 
H H 
Е н d 
н H == 
Solid-state structure for cyclodecane : — -— 
in the boat-chair conformation 
Figure 3.24 If cyclodecane adopted this conformation, the There are still several through-space H-H Compounds of this type are named starting with the prefix bicyclo, followed by a 
Some conformations of hydrogen atoms at positions 1 and 6 would interactions that destabilize this structure pair of brackets containing the numerals that specify the number of carbon atoms 
cyclodecane overlap, creating transannular steric interference. relative to that of cyclohexane. in each chain connecting the common carbon atoms, which are called the bridge- 


head carbon atoms, followed by the root word for the total number of carbon atoms 
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in the rings. The numerals within the brackets are arranged in decreasing order 
and are separated by periods. Numbering begins at a bridgehead carbon atom, 
proceeds around the larger bridging group, then includes the next shorter bridge, 
and finally the shortest bridging chain. Two common bridged bicyclic compounds 
are bicyclo[2.2.1]heptane, also called norbornane, and bicyclo[2.2.2]octane. 


7 8 
H HI, J 
3 ae 3 5 > Key: 
TA | "s *= Bridgehead carbon atoms 
BO M а Лез 
H H 
Bicyclo[2.2.1]heptane Bicyclo[2.2.2]octane 
(norbornane) 


Bicyclic compounds are often conformationally locked, and as depicted below for 
cis-2,3-dimethylbicyclo[2.2.2]octane, substituents must sometimes adopt positions 
that are eclipsed because there is no conformational change that can relieve that 
strain. 


r 


Even though the methyl groups are eclipsed, 


єн, i. they cannot move because of the rigidity of 
CHi4 the bridged bicyclic ring system. 
H 
H 


Simple fused ring bicyclic compounds are named by the method used for 
bridged bicyclo compounds. For example, decalin is named bicyclo[4.4.0] 
decane. The inclusion of a “0” within the brackets tells you that the molecule has 
a fused ring system instead of a bridged bicyclic one. 


EXERCISE 3.12 


Draw structures for each of the following compounds. Identify the bridgehead carbon 
atoms if they are present. ; 


6 
a. spiro[3.5]nonane b. bicyclo[3.2.1 octane c. bicyclo[3.3.0] octane 


Ф Ф 


а 


CHAPTER SUMMARY 


Section 3.1  Conformations of acyclic compounds 

© Conformers of molecules exist because of rotation about the axis of a sigma bond. 

e Ethane has two limiting conformations called eclipsed and staggered, which 
correspond to an energy maximum or minimum related to the dihedral angle 
between hydrogen atoms on the adjacent carbon atoms. 

* Conformations of aliphatic compounds are commonly depicted by Newman or 
sawhorse projections. 

* A Newman projection shows the orientation between substituents on adjacent 
atoms as one looks along the bond axis. 

e A sawhorse projection shows the orientation between substituents on adjacent 
atoms with a perspective drawing. 

* Aliphatic compounds larger than ethane have additional conformations called 
syr-periplanar, gauche, anticlinal eclipsed, and antiperiplanar (anti), all of which 
are related to the dihedral angle between substituents on adjacent carbon atoms. 


Key Terms 


Section 3.2 Conformations of cyclic compounds 


* Rings with three or four atoms are strained because their bond angles are com- 
pressed relative to those associated with the hybridization of the carbon atoms. 

* A three-membered ring is planar, a fourzmembered ring looks like a square 
creased and bent along its diagonal, and a five-membered ring is shaped like a 
partially opened envelope. 

• А сусіоһехапе ring can adopt a shape like a chair or a boat, and these are the 
limiting conformations of a compound with a six-membered ring. Other con- 
formations of cyclohexane include the half-chair and twist-boat forms. 

* The hydrogen atoms in the chair form of cyclohexane are attached in orienta- 
tions called axial (perpendicular to the plane of the ring) and equatorial (par- 
allel to the sides of the ring). 


* In cyclohexane, a ring flip converts axial hydrogen atoms to equatorial ones and 
vice versa. 


Section 3.3  Conformations of substituted cyclohexanes 


* A monosubstituted cyclohexane ring has two possible chair conformations in 
equilibrium with one another, and the more stable of these two forms has the 
substituent in an equatorial orientation. 


* Standard free energy differences can be used to calculate the percentages of the 
chair forms in which the substituent is axial or equatorial. 


* A tert-butyl group attached to the chair form of cyclohexane cannot be axial. 
* Acycloalkane with two or more substituents can exist as cis and trans isomers. 


* Cyclohexane derivatives that have more than one substituent exist in chair 
forms that have the larger group in an equatorial position. 


Section 3.4 Conformations of other cyclic compounds 
* For cyclic compounds larger than about eight carbon atoms, transannular ef- 
fects can occur between groups across the ring from one another. 
* Compounds with two adjacent rings are called spirocyclic, fused bicyclic, or 
bridged bicyclic according to the number of atoms shared by the rings. 
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Section 3.1a 
conformer 
conformation 


Section 3.1b 

sawhorse projection 
Newman projection 
eclipsed conformation 
staggered conformation 
torsional angle 
dihedral angle 


Section 3.1с 

syn-periplanar 
conformation 

steric effect 

gauche conformation 

anti conformation 


Section 3.2a 
Baeyet strain 
torsional strain 


Section 3.2b 

chair conformation 
axial bonds 
equatorial bonds 


Section 3.2c 
ring-flip 
boat conformation 


Section 3.3a 
1,3-diaxial interaction 


Section 3.3d 
cis isomer 
trans isomer 


KEY TERMS 


Section 3.4b 
transannular interactions 


Section 3.4c 

spirocyclic compound 
fused bicyclic compound 
bridged bicyclic compound 
bridgehead carbon atom 


ae 
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ADDITIONAL EXERCISES 


3.13. Draw ап eclipsed, gauche, and anti conformation for each of the following com- 
pounds and indicate which is the most stable. Show both the Newman and 
sawhorse projections. 

a. 1-Chloropropane (C1-C2 bond) 
b. 2-Iodobutane (C2-C3 bond) 


3.14. The ratio between the anti and gauche conformations of 1,2-dibromoethane is 
89:11 at 298 K. Calculate the value of AG? for this process. 


Br H 
gene pes 
= 
сыз 
H Br H H Br Br 
Ratio: 89:11 \ 


3.15. Draw the least and most stable conformations for each of the following com- 
pounds with respect to the bond indicated. Show both Newman and sawhorse pro- 
jections. 

a. Propanal (C2-C3). 
b. 1-Pentyne (C3-C4 bond). 


9.16. For each given name, draw a structure for each of the following compounds. Ig- 
nore conformations for this exercise. 


a. cis]-Bromo-2-methylcyclopentane b. 22-Difluorocyclohexanone 
c. 2-Cyclohexenol d. cis3-Chlorocyclobutanol 
e. trans4-teri-Butylcyclohexanecarboxylic acid 


3.17. For each set of structures, indicate which pairs of compounds are cis/trans iso- 
mers, which pairs are constitutional isomers, which pairs are conformers, and 
which pairs are identical. 


a. 
а а 
CH; CH; 
ЖЫ. 
CH; i H 
H H 
H 7 cl 
b. 
H cl с 
H а 
а н 
а H 
d HH H HH н е “н 
с. 
OH й н 


Additional Exercises 


3.18. Draw the structure of the two chair conformations for each of the following 
compounds, and identify the more stable conformer: 


a. cis-1-Bromo-3-ethylcyclohexane 

b. cis4-Hydroxycyclohexanecarboxylic acid 
c. trans2-Isopropylcyclohexanol 

d. trans9-Chloro-1-bromocyclohexane 


3.19. The energy difference between the two chair conformations of cyanocyclohexane 
is small, suggesting that gaucheinteractions and 1,3-diaxial repulsions are slight. Draw 
each chair conformation and explain why these interactions are much less for a 
cyano group than are those same interactions experienced by a methyl group. 


3.20. When three different carbon atoms of cyclohexane bear substituents, the con- 
former with two groups in the equatorial positions is usually the more stable. Draw 
the preferred conformation for each of the following compounds: 

a. 


b. а а. 
ion COOH Ql., CH, CY" 
GH” Сү E Q HC + 
CH; CH, Br OH 


3.21. Draw the structure for each of the following compounds, then draw the con- 
former that you expect to be most stable: 


c 


a. Spiro[3.5]nonane b. trans-Bicyclo[3.3.0]octane 
c. Spiro[2.4]heptane d. trans-2,2-Dibromobicyclo[4.4.0]decane 
e. 9-Methylspiro[8.3]heptane £ Bicyclo[4.3.1]decane 


3.22. Draw all of the isomers of dimethylcyclobutane (there are five). For four of the iso- 
mers, there are two conformations that can interconvert, changing axial substituents 
to equatorial and vice versa. Which is the more stable conformer for each isomer? 


3.23. Some members of a class of natural products called terpenes, which are hydro- 
carbons with 10 carbon atoms derived from isoprene (2-methyl-1,3-butadiene), 
have a bridged bicyclic carbon framework. For each of the following compounds, 
give the name of the parent bridged bicyclic hydrocarbon (i.e., ignore the methyl 
and isopropyl substituents in each structure). Draw the structure of isoprene. 


QS od. 25 X 


Pinane Bornane Carane Thujane 


3.24. Menthol (peppermint oil) isa terpene natural product that is monocyclic. Draw 
its two chair conformations and indicate which is more stable. 


CH; 
The OH and CH; groups are in front of the plane of the 
paper and the isopropyl group is behind the plane. 
OH 
^ 
Menthol 
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3.25. Draw the four possible boat conformations of methylcyclohexane. Which con- 
former is the most stable? Why? _ 


3.26. Hydrindane, or hexahydroindane, is an analogue of decalin. It isa ici bi- 
cyclic compound that has a six- and a five-membered ring. Draw the cis Е. rans 
isomers and any conformer of those in which the six-membered ring adopts a 


chair form. 


Hydrindane 


3.27. transDecalin is more stable than the cis isomer. Identify the 1,3-diaxial interac- 
tions in trans- and cis-decalin and rationalize the greater stability of the trans isomer. 


3.28. Kemp's triacid, a compound described in Chapter 28, is the common name E 
the isomer of 1,3,5-trimethyl-1,3,5-cyclohexanetricarboxylic acid that has all of the 
methyl groups on the same side of the ring. Which conformation is the most sta- 


ble? Why? 


3.29. Organophosphorus derivatives of inositol are important constituents of ae 
membranes. Inositol is 1,2,3,4,5,6-hexahydroxycyclohexane, and it exists in с 
isomeric forms depending on whether the OH groups are up ог down. Draw the 
most stable isomer of inositol in its most stable conformation. 
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4.3 DIASTEREOMERS 

4.4 FISCHER PROJECTIONS 

4.5 REACTION STEREOCHEMISTRY: A PREVIEW 
CHAPTER SUMMARY 


The previous chapter (Chapter 3) described the conformations of molecules that in- 
terconvert by rotation about carbon-carbon о bonds. It also described the cis and 
trans isomers of cycloalkanes, which exist when substituents are attached to the same 
or opposite sides of a ring. 

This chapter will focus attention on stereoisomers, molecules in which the con- 
stituent atoms have the same connectivities, but differ in their overall shape. In study- 
ing reactions of organic molecules, especially those involved in biological processes, it 
is essential to understand the consequences of the specific three-dimensional arrange- 
ment of atoms, how to distinguish between different stereoisomers, and how to repre- 
senta three-dimensional shape on a two-dimensional surface. The use of molecular models 
is strongly encouraged for your study, at least until you become familiar enough with draw- 
ings to manipulate structures mentally or by drawing them. Even then, the use of mod- 
els can provide insights about interactions within a molecule. 

This chapter begins with a description of alkene isomers. The л bond of an alkene 
prevents rotation about the carbon-carbon o bond, which means that substituents can 
have different orientations within the alkene plane. The prefixes cis, trans, (E), and (Z) 
are used to denote these relative arrangements, and you will learn how to interpret 
names with these stereochemical descriptors. The focus of the chapter then shifts to the 
stereochemistry of saturated compounds, beginning with those that have an asymmetric 
carbon atom, which is one with four different groups attached. Such molecules exist as 
stereoisomers because there are two ways to spatially orient the four substituents. 


4.1 GEOMETRIC ISOMERS OF ALKENES 


4.1a  |SOMERS OF ALKENES WITH Two HYDROGEN ATOMS 


АВЕ DESIGNATED Cis AND TRANS 


Constitutional isomers differ in the connectivity patterns among their atoms (Section 
1.42). Stereoisomers, in which the connectivities between the atoms in each isomer are 
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Figure 4.1 

A diagram summarizing the 
relationships among types of 
isomers. 
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Isomers 
Constitutional isomers Stereoisomers 
(Section 1.4a) 
skeletal isomers | | , 

Enantiomers Diastereoisomers 
(mirror image) (nonmirror image) 

positional isomers (Section 4.2) 

configurational 
functional isomers diastereomers 


(Section 4.3) 


geometric 
isomers 
(Sections 3.3d and 4.1a) 


the same, differ in the arrangement of their atoms in three dimensions. A full summary 


of isomer types is presented in Figure 41. ; | | | 
Cis and trans isomers of disubstituted cycloalkanes, which were discussed in Sec- 


tion 3.3d, represent a type of stereoisomer called geometric isomers. 


H3C CH; H3C H 
H H С H CH; 
Кее ay Opposite sides 


cis-1,2-Dimethylcyclopropane trans-1,2-Dimethylcyclopropane 


The terms cis and trans are also used for alkenes that have two hydrogen atoms, one at 
each end of the carbon-carbon double bond. The alkene molecule with the hydrogen 
atoms on the same side of the line connecting the carbon nuclei is the cis isomer, and 
the one with hydrogen atoms on the opposite sides of the line connecting the carbon 
nuclei is the trans isomer. In naming an alkene, the prefix cis or trans- (italicized) is 
added to the name. Notice that an alkene with two hydrogen atoms at the same end of 
the double bond does not exist as geometric isomers. 


нс CH; нс P "S ЕА 
= C=C = 
ES / by / N 
H H H CH; HC H 
— dde) ea sides 


“җы —  ———————_— 
EXERCISE 4.1 


Draw the structural formula that corresponds to each of the following names: 


a. cis-3-Octene b. érans-1,]-Dichloro-2-pentene c. trans-2-Hexenal 


4.1 Geometric вой of Alkenes 


4.1b ISOMERS OF ALKENES WITH TWO OR More SUBSTITUENTS 
ARE IDENTIFIED BY THE PREFIX (E) on (Z) 


An alkene with less than two hydrogen atoms may also exist in isomeric forms, but the 
prefixes cis and trans have no meaning. Instead, the spatial relationships among the 
groups are denoted by the italicized letter E (from the German enigegen, meaning 
across) or Z (from the German zusammen, or together) and are based on the priorities of 
the substituents at each end of the double bond. If the higher priority substituents at each end 
are on the same side of the double bond, the compound is the (Z) isomer. If the higher 
priority substituents at each end are on opposite sides of the double bond, then the 
compound is the (£) isomer. Notice that a disubstituted alkene can also be labeled as 
E or Z rather than as trans or cis. In an IUPAC name, the (E) and (Z) descriptors are 
included as prefixes placed within parentheses, italicized, and connected by a hyphen 
to the rest of the name. 


Higher priority Higher priority 
N / 
с=с 
/ N 
Which has a A M —* (2) 
higher priority? C=C Which has a 
"d N higher priority? ~~a 
Y 2 Higher priority 
\ / 
С=с 
/ \ 


Higher priority 


To determine the priorities of the substituents, you apply a set of rules called the 
Cahn-Ingold-Prelog convention, which are based on the magnitude of the atomic num- 
ber of each atom: A higher atomic number means a higher priority. An unshared electron pair, 
which is sometimes encountered when the double bond is between carbon and a het- 
eroatom, has the lowest priority. Among atoms, hydrogen has the lowest priority. 

The rules are summarized as follows: р 


1. Look at the two atoms that are attached directly to each carbon atom connected by 
a double bond. Considering each end of the double bond separaiely, assign a higher 
priority to the element with the higher atomic number. 

РМ КА 


Я H H 
At this end of the double Н / me / At this end of the double 
bond, carbon has a higher H—C сн bond, chlorine has a higher 
priority because it has a N / priority because it has a 
higher atomic number. FUA higher atomic number. 

H cl 


Because the higher priority groups are on opposite sides of the 
double bond axis, this compound is (£)-2-Chloro-2-butene. 


2. If the attached atom is an isotope of the same element, the one with/higher mas) 


has the higher priority. For example, D (deuterium)_has a higher priority than H 
(hydrogen) 


J: 


3. If the two atoms bonded to one end of the double bond are the same, look at the 
next “shell” of atoms connected to each of the identical ones, and list them in 
order of decreasing atomic number. The group with an element having a higher 


atomic панда at thr join of difference has the higher priority. 
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H 
^ Atomic number 156 ian H,H,H 
Lu a 
anm i Oxygen has the 
A ` H—C higher priority 
CHOH Ra a 
i H Q—H 
Atomic number is 6 
ig numurs x WAL 
(7 Atomic number is 4 ^E LE 
- x ow 
EN Pan Sulfur has the 
f C—H higher priority 
e ARS S,H, H 
Atomic number is 6 H—$ H 
ча 59% 
(c Atomic number is 6 o. / 0,0, H 
нос» \ re Same; look at next elements 
[^t 2 Oxygen has the 
4 X C—H higher priority 
p ÁN O, H, H 
Atomic number is 6 H 9* 


If all three atoms in the second shells are identical, then go to the next shell and 
i ifference is found. 
repeat the process until a di 7 | . | 
4. If multiple bonds are present, these are assigned single bond eh : 
` 1 isi d by single bonds 
n the double bond is instead connected Dy v rue 
ойе шой. Replication of the element at each end of the multiple bond is de 


picted in Figure 4.2. 
Aldehyde 
This oxygen atom is 
bonded to “two” 
carbon atoms. 
О es 
TUER = E 
(0) 


This carbon atom is bonded 
to “two” oxygen atoms and 
one hydrogen atom. 


Alkene 
This carbon atom is 
bonded to “two” 
carbon atoms. 
МИ \ 
с=с = C=C 
IIS 0) 


Figure 4.2 

Some single-bond equivalents 
for functional groups with 
multiple bonds. 


This carbon atom is 
bonded to "two" 
carbon atoms. 


Carboxylic acid 


This oxygen atom is 
bonded to "two" 
carbon atoms. 


| | 
ew = ee: 
9, 


This carbon atom is bonded 
to "three" oxygen atoms. 


Nitrile 


This nitrogen atom is 
bonded to "three" 
carbon atoms. 


| 
с 
NC 


This carbon atom is 
bonded to "three" 
nitrogen atoms. 


4.1 Geometric Isomers of Alkenes 109 


EXAMPLE 4.1 


Assign (E) or (Z) to the stereochemistry of the double bond in the isomer of 4-chloro- 
3-methyl-2-butenoic acid shown below. 


CH; н 
Nro 
С=С 
ZON” 
CICH; COOH 
NL x 


The first step is to assign priorities to the substituents attached to the carbon atom in 
the 2-position. The first atoms of each substituent are H and C, respectively; so the car- 
boxylic acid group has the higher priority. 


pe Аоте number is 1 


NA^ —-Atomic number is 6 
COOH (higher priority) 


Next, assign priorities to the substituents attached to the carbon atom at the 3-position. 
Here, the first atom is the same, namely, C, so it is necessary to look at the next shell of 
atoms. On one side, the atoms are H, H, H; on the other, they are Cl, H, H. The higher 
atomic number takes precedence, so the chloromethyl group has the higher priority. 


77 Atomic number is 6 H Н HHH 
CH H H—C ME 
N / \ 
C=C meit C= 
/ \ / Chlorine has the 
CICH; COOH C-—c higher priority 
4AN CL H, H 
Atomic number is 6 H H 


Finally, answer the question: Is the higher priority group at each end on the same side 


or opposite sides of the double bond? In this case, they are on the same side, so this is 
the (Z) isomer. 


CH H 
\ / 
с=с 
7 \ 
сн, COOH 


(Z)-4-Chloro-3-methyl-2-butenoic acid 


EXAMPLE 4.2 
Assign (E) or (Z) to the stereochemistry of 2-(hydroxymethyl)-2-pentenal, shown below. 


cHy— CH, CH,OH 
с=с 
/ 
H CHO 


First, assign priorities to the substituents on the carbon atom at the 3-position because 
the difference between the attached atoms is obvious (C vs. H), so the ethyl group is 
easily identified as having the higher priority: 
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Atomic number is 67 ^ 
CH,—CH; 
b МР 
С=С The ethyl group has the higher priority 
Atomic number is imd N 


Next, assign priorities to the substituents on the carbon atom in the 2-position. The 
first atom of each substituent is the same (C), so it is necessary to look at the next shell 
of atoms. However, first write out the single-bond equivalents for the aldehyde group. 
This step is required whenever the substituent has a multiple bond. 


; , H 
g Atomic number is 6 HS 7 0, H, H 
CH,OH со 
/ у CNN Same; look at next elements 
С=с — С=С H 
/ \ / \ Oxygen has the 
CHO C—H higher priority, therefore CHO > CH;OH 
"Ib о, 0, H 
Atomic number is 6 о o-c 


Thus, the higher priority groups are on opposite sides of the C=C bond, so this is the 
(Е) -іѕотег. 
CH,—CH, CHOH 
к (E)-2-(Hydroxymethyl)-2-pentenal 
H CHO 


EXERCISE 4.2 
Assign (£) or (2) for the geometry of the double bond in each of the following 


compounds: 
а b. с. 
da CH; CH, CHO сн CH; 
с=с c С=С с=с 
/ / / 
H CHCH; CHCH;  N(CH3)z BrCH, COOH 


s 
4-Bromo-2,3-dimethyl- 
2-butenoic acid 

Fa 
- c— 
EXERCISE 4.3 


Draw the structural formula for each of the following compounds, including its stere- 


ochemistry: 


a. (Z)-3-Heptene 
b. (Z)-9-Methoxy-2-octenal 


oO 


4-Chloro-2-methyl- 2-Dimethylamino-3- 
1-butene methyl-2-pentenal 


c. (B)-1,3-Dichloro-2-methyl-2-hexene 
d. (E)-3,4-Dibromo-3-heptene 


42 CHIRALITY AND ENANTIOMERS 


42a COMPOUNDS THAT HAVE A CARBON ATOM WITH FOUR 
DIFFERENT SUBSTITUENTS CAN EXIST AS STEREOISOMERS 
CALLED ENANTIOMERS 


The stereoisomers described so far comprise substituted cycloalkanes and alkenes, 
which are stereoisomers by virtue of geometric relationships created by the presence of 
rings and x bonds, respectively. However, stereoisomers of unconstrained acyclic com- 


4.2 ену and Enantiomers 


pounds may exist if the carbon framework and its substi i i 
c | stituents can be oriented - 
ently in three dimensions. uii 
Purus consider how to tell whether or not two molecules are identical. If presented 
wi e two structures shown below, you would first 1 i 
я ook to see if the ato - 
nected in the same ways. es 


my у "pre 

Im NN ND iei a 
ГТ 

анн нон CH 


Апу change in. the connectivity tells you immediately 
stitutional isomers (Fig. 4.1). Ї the bond connections are the same (as in fact they are) 
you might then construct a model of each and see if the models are gupexiniposable, 
meaning that one fits exactly on top of the other. If they aresuperimposable, then yeu 
know the molecules are identical. If they are not, then they must be stereoisomers. 

| With alkenes, you can probably superimpose them mentally. Consider the follow- 
ing two p of 2-hexene. Are these two compounds superimposable? If you move 
structure A onto structure B, you would see that they are not supe i 

all of the atoms or groups do not align. : СЕЕ 


place А on top of В 


} Same? Yes 


H3C 
©. CH;CH;CH; H ченен» Same? No £ НЗС CH;CH;CH; 
yed A Hy. с/СнСнгСнз 
H H ње үт Hye SNH 
: е Same? No { Hee b: } Same? Yes 


One is cis and the other | is trans. You already know that these molecules comprise a set 
of geometric isomers, which represent one type of stereoisomer. | 
Now consider the two compounds C and D shown below. The bond connections 


are the same, therefore the molecules are either identical, or else they are stereoiso- 


dus | | 
тиа MW 4 Q О) ) S0e MES Ї g 
й i „ H 
Co, А | 
cfc, еза т=р=» cic cl, place ton 
H nterclockwise 
на CHCH; around С-Н bond Сн; top of D 
С р 


In fact, these molecules are mirror images. 


i | 
Cm. АС 
C^ X" CH, Hc Cl 
CH;CH; CHCH, 


xin 


Compounds that are rionsuperimposable mirror images are called enantiomers, 
perimpo Я 


and they are said to be chiral, The opposite of chiral is achiral. Your hands represent 


} 


Same? Yes 
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р. ty Тт and they are not super imposable. For 
the classic exam le of chirality: 1 hey are mirror images ey 


this reason, chiral substances, even molecules, 
*handedness". 
Every object, hence every molecule, 
cule is chiral, you have only to ascertain e ul 
are identical. 
e eden ies ight ask is this: Is there a structural feature ofa 
(| о. s nonsuperimposable? The answer is yes: 
that always renders mirror image: а uin 
| тунер one of its carbon atoms has four different groups d 
i i i ts is cal Б 
1 i with four different substituen 
(у намат e 5 ften refer to a chiral carbon atom as а 
0 asymmetric, ог stereogenic on atom. We often ae 
tereocenter. The three-dimensional arrangement of the groups c 
b n atom is called its configuration. A summary of definitions for many 
А 
i i is gi Table 4.1. 
escribe stereoisomers is given 1n ne 
тА may possess more than one chiral carbon atom. In ng vane x 
whole molecule itself may or may not be chiral Additionally;there are o typ 


ill 
chiral molecules that do not contain chiral carbon atoms. These types of molecules wil 


be discussed later. 


has a mirror image. To deduce whether a mole- 
whether it and its mirror image are superimpos- 
If not, the molecules are enantiomers. 


| EXERCISE 4.4 


i j i isomers? 
Which of the following pairs of molecules are identical? Which are stereoiso 


b "T CH; 
UNS e CHCH; | 
Ww" L^ 
/ "H нүн 
CH;CH; 
i H n no h 
HC 
H3C „С=С ? Nee" =C 
ww 
/ "d CH; / vwd н 
H 


4.2b A CHIRAL SUBSTANCE ROTATES PLANE-POLARIZED LIGHT 


Enantiomeric compounds because the differ only by the spatial orientations of their 
af y 


“moms, have identical physical properties, 2: £ i 
met e hor ake Fave identical chemical properties ice aid eer pun 
аа It is possible паи е pee am is 
i г h interacts with another ста: m : А 
Ни Е ‚ш. ота Chiral stationary phase aE ыга с. “ 
dis t rates. Another method to differentiate enantiomers 1s by | e way t у! к 
ает light. In fact, referring to a chiral molecule as optically active, 
piane: . з. 
= In [o ee ich бушка iat deiüóaitrated that certain organic jg ep 
iit lane-polarized light, in a manner represented by Figure 43. re duis 
"o Heal activity” was proposed to be an inherent property of such тое са ен 
li m is made by passing ordinary light through a filter that beide м жо 
"e aligned with the filter to pass. This is the same principle that is 
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Table 4.1 Definitions of terms used to discuss stereoisomers and their properties. 
See 


Absolute configuration 


Achiral 

Asymmetric carbon 
atom 

Chiral 


Chiral carbon atom 


Chiral center 
Configuration 


Dextrorotatory 


Diastereomers 


Enantiomers 


Fischer projection 


Levorotatory 


Meso compound 
Mirror plane 


Optically active 


(R, S) configuration 


Racemate 


Racemic 
Racemic mixture 


Racemization 


Scalemic 


Stereocenter 


Stereogenic carbon 
atom 


Stereoisomers 


The arrangement of groups about a stereogenic carbon atom, normally 
indicated by its (R) or (S) configuration. 


Used to describe a substance that is superimposable on its mirror image. 
See chiral carbon atom. 


The property of a substance that it is not superimposable on its mirror 
image; also used to refer to a compound that is optically active. 


A carbon atom that has four different groups attached to it—also called a 
"asymmetric carbon atom" or a "stereogenic carbon atom." 


Any tetrahedral atom, often carbon, with four different substituents. 
The three-dimensional arrangement of a chiral center with its substituents. 


The property of a compound that causes it to rotate plane-polarized light in 
the clockwise direction; abbreviated by the use of a lower case, italicized d 
or by the symbol "(4)" in front of the compound's name. 


Any set of steroisomers that are not enantiomers; the singular form is used 
to refer to any one of such a set of compounds. 


Any set of isomers with the same atom connectivities that are nonsuper- 
imposable mirror images; the singular form refers to either one of the two 
mirror-image isomers. 


A two-dimensional representation of chiral substances that makes use of 
vertical and horizontal lines to specify the positions in space of substituents 
attached to an asymmetric carbon atom. 


The property of a compound that causes it to rotate plane-polarized light in 
the counterclockwise direction; abbreviated by the use of a lower case, 
italicized Z or by the symbol "(-)" in front of compound's name. 


An isomer that has chiral centers, but an internal mirror plane that makes it 
achiral. 


An imaginary plane between two molecules, or dividing a molecule, 
through which the two molecules or groups are related as mirror images. 


The ability of a substance to rotate plane-polarized light. 


The absolute configuration assigned by applying the Cahn-Ingold-Prelog 
priority rules. 


A 50:50 mixture of enantiomers; equivalent terms are racemic mixture, 
racemic modification, d, £-mixture, (+)-mixture, p, t-mixture, or (А), 

(S)- mixture; a racemate does not rotate plane-polarized light even though 
it contains chiral substances. 


An adjective used to describe a 50:50 mixture of enantiomers. 
See racemate. 


A process wherby the absolute configuration of a chiral center is converted 
to its mirror-image configuration, leading eventually to a 50:50 mixture of 
enantiomers. 


An adjective used to describe a mixture of enantiometric compounds that is 
enriched in the concentration of one of the enantiomers (not a universally 
accepted term). 


See chiral center. 


See chiral carbon atom. 


Compounds in which the atoms have the same connectivities but that have 
different shapes in three dimensions. 


лт 


14 


Figure 4.3 

Rotation of plane-polarized 
light by a solution containing 
a chiral molecule. 
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Analyzer (rotated to 
pass light) with scale 
to read angle 


a 


Sample tube 


Polarizer oe 


) Rotated plane of 
polarized light 
\ 
E Plane of 
polarized light 


Sodium 
lamp 


t 


sunglasses. If the polarized light then passes through a solution containing a chiral 
compound, it will be rotated by a certain amount. Enantiomers differ only in the direc- 
tion that they rotate the plane-polarized light: The absolute value of the magnitude is 
identical, as long as the temperature, concentration, solvent, and wavelength of light 
are the same. 

When a portion of one enantiomer is combined with an equal amount of the 

other, a racemic mixture or racemate is formed. A solution containing a racemic mix- 
ture does not rotate plane-polarized light because the two compounds rotate the light 
equally in opposite directions, canceling any effect. Even though enantiomers each 
have identical physical properties, their 50:50 mixture—the racemate—often displays 
different physical properties, such as melting point and solubility, compared with the 
properties of either pure enantiomer. Any characteristic that is influenced by the forces 
between molecules in the solid state can be altered by the presence of a molecule’s mir- 
ror image. 
"— To illustrate this effect, try folding your hands (which are nonsuperimposable mir- 
ror images) together, and then try folding your left hand with someone else’s left hand. 
The mirror image hands fit together in a more spherical orientation, whereas the two 
identical hands form a stacking arrangement. 

Although optical activity was known as early as 1815, the existence of enantiomeric 
compounds was not recognized until the 1840s. Working with salts of tartaric acid, a by- 
product of fermentation, Louis Pasteur manually separated crystals with mirror-image 
crystal faces into two piles. Dissolving the same amount of compound from each pile in 
water, he found that the solutions differed only by the property that they rotate plane- 
polarized light in opposite directions. Thereafter, and until the three-dimensional 
structures of enantiomers were understood, each of a pair of enantiomers was identi- 
fied by the direction in which it rotated plane-polarized light. 

An example that is simpler than tartaric acid is 2-butanol because it contains a sin- 
gle chiral carbon atom. The isomer that rotates plane-polarized light in the clockwise 
direction is called “ (+)-2-butanol’”, and its enantiomer, “ (-)-2-butanol”. The letters d 

(for dextrorotatory, meaning “right rotating”) and 1 (for levorotatory, meaning “left ro- 
tating”) are used to convey the same information, so the names d2-butanol and (+)-2- 
butanol or /2-butanol and (-)-2-butanol are synonymous. The racemic mixture is 
represented by d, }2-butanol ог (+)-2-butanol. 

Being able to specify the direction that each isomer rotates plane-polarized light 
does not tell us the actual arrangement of the atoms in three dimensions. All that we 
know is that the two molecules must have mirror-image configurations. y carrying out 
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пеле reactions 5 which we convert 2-butanol to other substances, we could relate 

nfiguration of any compound to one of the two is 

> Сс í omers.of 2-butanol, е 

banding í an inventory of compounds that have the same configuration. This с 

еке es о was employed as the reference compound—was actuall 
or decades to specify the configurations of atoms in chiral molecules. i 


EXERCISE 4.5 


Draw the structural formula for the enantiomer of each of the following compounds: 


a. b 
е с 

CH | 
à | Й 
С, 

H^ V" сн,сн,сн, CH, Br снг SH 
CH,CH,CH,CH ? 

2CH;CH;CH; cl COOH 


4.2c ABSOLUTE CONFIGURATIONS WERE EVENTUALLY ASSIGNED 


ON THE BASIS OF A COMPOUND’ 
S STRUCTURAL SIMILARIT 
TO d-GLYCERALDEHYDE И 


© knowledge рон chemical structures and reactivity grew, and as more chiral sub- 
nces were isolated and characterized, it b t 
, it became apparent that many opticall i 
compounds could be interconverted by kn i 2M esed 
own reactions. If the st hemi 
compounds coulo y ereochemistry stayed 
processes, the reaction was said to o b 7 
нанете росон i ccur by retention of configuration. 
anged, the reaction proceeded by i j 
D mE CE | р ed by inversion of configuration. 
was finding an appropriate ref 
i erence compound for which 
the absolute configuration could be specified and to which other eae ds of k 
configuration could be related. a 
M eee rei one of the most prominent organic chemists in the late 1800s, was in- 
a sheng IE configurations of organic structures by their reactions Most 
, ich he received the 1902 Nobel Prize i i i 

ih r t ) rize in chemistry, was focused on 
E — of sugars, many of which are chiral substances. In 1891, Fischer proposed 
І se o glyceraldehyde as a reference material for specifying the configurations f 
stereocenters, and he arbitrarily chose the configuration shown below. Ё 


x= 


| 
Cm, 
но \ " CH;OH 


CHO 


d-Glyceraldehyde (later, p-Glyceraldehyde) 


енен ur had a 50:50 chance of choosing the correct absolute configuration for 
pound. Fortunately, when the actual structure of the compound now k 

D-glyceraldehyde was determined by X-ray crystallography in 1951, the idée s 
proved to be correct. Therefore, the absolute configuration of all compounds Dunn 


been related to glyceraldehyde b i i ing th i 
ec eed cheer yde by reaction chemistry during the previous decades had 


Fischer’ igni 

P. RA { еапу e ү assigning absolute configurations employed the designa 
, even though these descriptors were alr i : 

і eady in use to а he di 
tions that a compound rotates i i j о. 
t plane-polarized light. Later D and 
instead. These absolute confi i i үк p 
r gurations do not necessarily correl: i i 
pn 1 е с у relate with the sign of О 

1 rotation for a particular compound, however. In other words, D does not ean di 


115 


UU =н=р M 


i6 


CHAPTER 4 The Stereochemistry of Organic Molecules 


same as d, which in the present day refers only to the direction of rotation of plane- 
polarized light by the compound. 

As chemists began to recognize the broader significance of chirality, a realization 
that evolved from the symbiotic advances within the fields of chemistry and biology, 
it became clear that a method was needed by wbich to specify the configurations of 
stereocenters. 


EXERCISE 4.6 


Draw the structure of 1-glyceraldehyde, the enantiomer of p-glyceraldehyde. 


(S)-(—)-2-Chloropropanoic acid 


(—) indicates rotation of i 
; у plane-polarized 
light in the counterclockwise direction. 


After priorities are assigned to the substi 
tuents and the structure is arranged so inat 
the lowest priority group points away from 
you, the direction from priority 1—>2 —3 
is counterclockwise. 


4.2 Chirality and Enantiomers 


2 
Ke оон 
Com, 
3 CHS YH a 


cl 
1 


(S)-(+)-2-Chloro-1-propanol 


(+) indicates rotation of i 
+) in plane-polarized 
light in the clockwise Sector 


After priorities are assigned to the substi- 

tuents and the structure is arranged so that 
the lowest priority group points away from 
you, the direction from priority 1—>2—>3 


4.2d THE CAuN-INGOLD-PRELOG CONVENTION Is Now USED 
To SPECIFY THE ABSOLUTE CONFIGURATION OF 
A CHIRAL CARBON ATOM 


The method now used to specify the absolute configuration of a chiral center is the 
Cahn-Ingold-Prelog convention, the same set of priority rules you learned in Section 
4.1b to assign the (E) or (2) configuration of alkenes. Specifying the absolute configu- 
ration of a carbon atom follows the procedure illustrated in Figure 4.4. 


1. Assign a priority to each of the four substituents attached to a carbon atom. 


2, Turn the chiral carbon atom so that the priority 4 group is pointing toward the 
back. 


3. Determine the relative orientation of the substituents, going from priority 1 to 2 to 
3. If their arrangement js clockwise, the chiral center has the (R) configuration 
(from the Latin rectus, meaning right). If the arrangement is counterclockwise, the 
chiral center has the (5) configuration (from the Latin for sinister meaning left). 


As with the descriptors D and L, the absolute configurations (В) and (S) have noth- 
ing to do with the (+) and (-) labels, or the dand designations, which refer to the di- 
rections that a steréoisomer rotates plane-polarized light,. Figure 4.5 illustrates, as an 
example, the relationships between (S)-(-)-2-chloropropanoic acid and (S)-(+)-2- 
chloro-1-propanol. These compounds have the same absolute configuration but rotate 
plane-polarized light in opposite directions. 


1 1 
| | c 
Cm, | з А pw _ А ps ‘a " 
Assign priorities Turn the molecule so 
by the Cahn-Ingold- 4 that the priority 4 2 
Prelog rules. group points back. 


—_— 


is counterclockwise. 


" E: pray е absolute configuration of a chiral carbon atom in an IUPAC name 
prefix (R) or (S) to the name. When the molecule has only one chiral aom 


+ M 

€ letter 5 p. par е ginning o е name. When there 
the letter Ror 5 laced in entheses at the begin f th €. th 1s 
more than one chiral center, a numeral precedes each letter R or $, and these are 


placed in parentheses in front of the name. 
qh CH, Br 


{АН 
сн, are H ü С—С 


cl OH CH; 
(R)-2-Chlorobutane (25,3R)-3-Bromo-2-butanol 


EXAMPLE 4.3 


Assi e absolute configuration to the chiral bon atom in the enantiomer of l- 
th bsolute f tion to ti 
gn gu carbon 


qcha 


Ho- S LN H 
С CHCI 


First, identify the chiral carbon atom, and then assign priorities to each group. 


Tu ЧЕ, 
pue — 
нот |" H но “=н > d 


CHCl cod Cl, H, H 
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Figure 4.5 

Compounds that illustrate the 
absence of correlation between 
absolute configuration and 
the direction of rotation of 
plane-polarized light. 


ыт 
Figure 4.4 

The procedure for specifying 
the absolute configuration of 
a chiral carbon atom. 


-— 2 = 


if 1—23 is counterclockwise, the 
absolute configuration is (5). 


if 1—-2—23 is clockwise, the 
absolute configuration is (R). 


The four atoms attached to the 
chiral carbon atom are О, С, С, and 
H. The O has the highest atomic 
number and H has the lowest, so 
these are priority groups 1 and 4, 
respectively. The two groups with 
C have to be expanded. 


Higher priority 


After expanding the chloromethyl and 
ethyl groups to see the next shell of atoms, 
we see that the higher atomic number of i 
Сі makes the chloromethyl group priority 2 
and the ethyl group priority 3. 


тт 


Priority 1 
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Because the priority 4 group is pointing back (dashed line), the molecule is in the cor- 
hether the priority sequence 12 


rect orientation to assign (R) or (S), so determine w 
2 = 3 is clockwise or counterclockwise. 

In this molecule, the sequence in going from priority 1 to 2 to 8 is counterclock- 
wise, so the configuration of the central carbon atom is (S). This molecule is named 


(S)-1-chloro-2-butanol. 


3 
үе» 


нот Сү" Ha 
CH,Cl 
2 


1 


For a situation in which you are asked to assign the configuration of a stereocen- 
ter, Example 4.3 illustrates the best-case scenario: The priority 4 group is already oriented 
toward the rear. Therefore, once you have assigned priorities to the substituents of the 
chiral carbon atom, determining its configuration is straightforward. 

Suppose, however, that the priority 4 group, as drawn, does not point away from 
you. There are at least three options you have to reorient the substituents so that the 


priority 4 group points away from you. 


e VISUALIZE a rotation of the molecule in your mind, and then draw the reori- 
ented structure. In this example, the process is fairly straightforward, requiring 
asimple rotation around one bond. In other cases, however, the required move- 


ments may be more complex. For people who have trouble picturing three- 


dimensional objects, visualization is the most difficult option. 


3 


in your mind, visualize rotating CH; With the priority 4 group toward the rear, 
| : A 
around the vertical C-C bond (in Cn the sequence in going from priority 1 to 2 
= “ЭН to 3 is clockwise, so the configuration of 


this example) until the H atom ; 
points toward the rear, and then the central carbon atom ' (R). 


draw this reoriented structure 


OH 
1 


e MAKE A MODEL. This option requires the most work, but it is relatively fool- 
proof, and you can subsequently move the molecule into any other orientation 
that you may need. To overstate the value of making models to study stereochemical re- 
lationships is difficult. Realize that you do not have to include every atom of the 
molecule in your model if you only want to assign the configuration of a chiral 
center. Instead, use single spheres to represent each of the four groups. Once 
you have the model in hand—literally—you can turn it any way you need. To as- 


sign the absolute configuration, this means turning the model so that the pri- 


ority 4 group points away from you. 


CH3 
NE HS : 
"e" OH —— Pi ———— „е 
\ V. 
ә 
Priority 3 Once you have made a physical To assign the configuration of the chiral carbon 
oe model, you can hold itin your hand atom, turn the model so that the priority 4 group 
Priority 4 and turn it any way you want. points away. The sequence in going from priority 


1 to 2 to 3 is clockwise, so the configuration 
of the central carbon atom is (R). 


4.2 Chirality and Enantiom 
ers 
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e INTERCHANGE TWO GROUPS— 
лелек fact about ооо 2 n doge 
ет = а паа ed 2 С ші аот ури invert its configuration. To exploit this о оао 
- ud j ons, en the position of the group pointing away en that 
of the prior ig r m t is helpful to use a designation other than (R) or ($) 
been used here to span inar he iss и 
wise but that two groups have TA e Шу 


means that the original configurati ikewi 
омин з Tu on was (R). Likewise, (R!) means that the 


CH; i 
eb interchange the priority 4 group i 
ЧУ; ОН уш me group that points away ыы = P а 
и н 
| I re 
с interchanged). (5) = (В) vs 
Se Fi 
This molecule now has thi 
r \ the correct orientati i 
Epi ERE OL the chiral carbon atom, ра пе 
ееп ргїогї 
relatione nip between priority groups 1, 2, and 3 (clockwise 
EXAMPLE 4.4 


B 
Assign the absolute configuration to the chiral carbo: О: е 
n atom in the enantiomer of 2. 


[is 
je CH;CH; 


COOH 


First, identify the chiral cai 

» rbon atom, and th i ioriti 

рк севир ; en assign priorities to each 

E SUE moup have to be expanded, and the carboxylic er ud e d 
panded to include its single-bond equivalent structure (Fig. in. ME 


HHH, H (priority 3) 


ei, н 1н 
f [e H C, H, H (priority 2) tH 
d tm CH,CHs —— C». СН uu | | 2 
соон H^À NCH, и чеш 


IN n +. 
The four atoms attached to the s tn ad 
га! сагһоп аїот аге С, С, С, апа 
. Hydrogen has the lowest atomic 
Buber, so it is the priority 4 group. 
ree groups wit : 
Ше пее, р h C have to be 


Expand the groups to see th 
e next 
Кк, the COOH group has m 
est priority, the ethyl i 
and the methyl group Hg SE 


Because the riority О 5 not directed toward the rear, we have to reorient the 
P 4 group 1 
> 


molecule. Using the i 
e g the interchange opti a UN 
the H will point toward the nn ption, we switch the priority 2 and 4 groups so that 
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3 
CH; 
| 2 


4G CH;CHs 


COOH 
1 
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5 " 

т» тһе direction gf priority 1 to 2 12 3is 
i iori 4 clockwise = (R’) (the superscrip 
interchange the priority 4 2 Cm 4 means that two groups were first 
group with the priority 2 CH3CHz p interchanged). (R) = (S) 


group 4 


jori i i itched two groups, so the as- 
The priority order 1 > 9 — 8 is clockwise, but we have switc : s 
кышк CH) , which means that the original configuration was (S). This molecule is 
named (S)-2-methylbutanoic acid. 


EXAMPLE 4.5 
Draw the structural formula of (S) --bromo-cis2-pentene. 
——— 


Interpret the name in the same way you learned in Chapter 1, ignoring n did 
chemistry of the chiral carbon atom, at first. The structural formula is shown here: 


CH 
HT / 3 
gr € CH; 
N 
FTS 
H H 


4-Bromo-cis-2-pentene 


i highest priority groups are dis- 
Next, arrange the chiral center (C4) so that the three g c 
posed in a v unterclockwise fashion when the priority 4 group points toward = rat 
Notice that you can simply draw the molecule with the hydrogen atom pointing be с 
the plane, and then add the two remaining groups 50 that the (S) configuration 15 0 


tained. 


Draw the chiral carbon atom 


in three dimensions with the 3 
hydrogen atom pointing н. Nus 
H PA toward the back... "c cH; 
и" АА 
ER ...then add the remaining Ta N 
"i H two substituents so that the H H 
three highest priority groups 
are arranged in the correct (S) 
orientation. 


EXERCISE 4.7 


Assign the absolute configuration of the chiral carbon a 
shown below. 


tom in each of the compounds 


1 T 

Cus; 
сн С=с сн Y " CH;NH; 
H 


CHO 
EXERCISE 4.8 
Draw the three-dimensional structure for each of the following compounds: 


a. (R)-2-Bromopentanoic acid b. (S)-3-Hexanol c. (R)-3-Chloro-2-butanone 


4.2 Chirality and Enantiomers 


4.2e BREAK THE RING TO ASSIGN THE CONFIGURATION OF 
A STEREOCENTER IN A CYCLIC COMPOUND 


Applying the priority rules to a carbon atom inan M e is straightforward 
in most cases because it is easy to see that four groups are different. For example, is the 
three-dimensional carbon atom of the following compound chiral? 


CH,CH, CH, CH, CH,CH/CH,CH, 


CH3CH;CH;CH;CH;CH;CH;^ Ss а 
H 


The answer is yes. If asked how you arrived at that conclusion, you would probably 
say that you looked at the four substituents, counted the number of carbon atoms in 
the two long chains to find out if they were the same length or not, and concluded that 
no two groups were the same. 

Now consider the molecule shown below in which the carbon atom with the aster- 
isk is thought to be chiral. Does it have four different groups attached? 


- CH 
„н, qu 3 
CH, Си Cl 


| g l 
2 „9 
2 с — сн, 
227 / 
о 


The answer again is yes, but when two of the groups аге composed of atoms in a ring, 
some people have trouble seeing whether four different groups are attached. To solve 
this type of problem, draw a line through the potentially chiral carbon atom that also 
divides the ring into two equally sized portions. (For a ring with an even number of car- 
bon atoms, this division will bisect the atom in the ring directly opposite the carbon 
atom being evaluated.) Then look at the four groups and decide if any two are the 
same. In this example, the division is done in the manner illustrated below, and one of 
the carbon atoms is split in half: 


„Снн, Shs 


SS 
CH. ‘Cm Cl These two groups are 
xd d | " clearly different. 
CH; 
s 
X—c— cfi; 
/ 


X = one-half of the CH; group 


EXAMPLE 4.6 
Assign the absolute configuration of the alcohol carbon atom in the structure below. 


"s H tb oma 


The first task is to determine the identities of the four groups attached to the chiral car- 
bon atom and assign a priority to each. This step is accomplished by drawing a line 
across the ring from the putative asymmetric carbon atom, splitting the ring. In this 
case, one of the C-C bonds is broken. 
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2 
cl CH;- cH 
A 2 
a H сс LH 
OH ырл, ОН, 
cuz Hz 


3 


The compound in this example is already oriented so that the priority 4 group is to- 
ward the rear, so the counterclockwise sequence of 1 3 2 — 3 leads to the assignment 
of the (S) configuration. This compound is (S)-4,4-dichlorocycloheptanol. 


Assign the configuration of the asymmetric carbon atom in each of the compounds 
shown below. 


a. CH; 


b. H 
On 
HC 
?* сн, 
о 


4.2f ANY TETRAHEDRAL CENTER WITH Four DIFFERENT 
Groups CAN ВЕ CHIRAL 


The property of chirality, which is important in naturally occurring substances such as 
carbohydrates and amino acids, is not limited to single carbon atoms. Any atom with 
four different groups attached to it has the potential to be chiral, as long as the mole- 
cule is not superimposable on its mirror image. Nitrogen often has three different 
groups and an electron pair, so it is chiral. Nitrogen atoms, however, usually undergo 
inversion too quickly for the two mirror-image isomers to isolated. This process, 


termed pyramidal inversion has been likened to an umbrella being blown inside out on 


a windy day. Inversion occurs via rehybridization of the nitrogen atom. 


iw Ln / 
PULS ==» UE N ES =, : М. 
г 5 
sp? зр? sp? 


On the other hand( quaternary ammonium ions:that have four different groups at- 
tached to the nitrogen atom can be isolated as enantiomerically pure substances. 


4 p CHCH; 

aN: == Na, CH,—N,, 

au v (фес, $T CHCHCH; 
CH; CH; C Hs 


Pyramidal inversion is too facile Chiral; can exist as enantiomers. 


to allow isolation of isomers. 


Sulfur and phosphorus compounds, even with electron pairs, can often be iso- 
lated in chiral form. These atoms do not undergo pyramidal inversion as rapidly as ni- 
trogen does. Recall that the unshared pair of electrons is the lowest priority group 


(Section 4.1b). 


4.3 Diastereomers 

ve 

Lj 9 9 5 

St 4 i d 

a - th I "3 
HC о H3C CH;CH; CHO "| 3c, H,C a P~ CH. CH,CH; 
© @ 
(S) (5) С) (5) (А) 


Assign the absolute configuration to each of the chiral atoms in the following com- 
pounds. The phenyl group is CeHs and the pentafluorophenyl group is CgF5. 


a. b 
T E c. 
ue В uc qose 
№, Н+ X^ СН;СН; + 
CHS ү CH;CH; | снг Om 
Сн, th, 


а 


4.3 DIASTEREOMERS 


43a MoLecuLes wirH Two or More CHIRAL CENTERS CAN EXIST 
AS STEREOISOMERS CALLED DIASTEREOMERS 


Up to now, you have mainly encountered compounds with a single stereogenic center. 
Suppose a molecule has two chiral carbon atoms. As an example, consider (2R,35)-2- 
bromo-3-methylpentane, shown in Figure 4.6a. If the configuration of both carbon 
atoms is inverted, the new compound is the enantiomer of the original. Enantiomers 
of compounds with more than one stereocenter can be identified readily because the con- 
figuration of every chiral center in the molecule changes. 

Now look at the molecule (2R,3R)-2-bromo-3-methylpentane in Figure 4.6c. This 
compound is not the same as the one above it. Nor is it the mirror image of that one 
Remember, a molecule only has one mirror image, within which the absolute confi E 
ration of every asymmetric carbon is inverted—carbon atoms that are (R) become (S 
and those that are (S) become (R). Molecules in which at least one of the chiral carbon 


a. 
Br ^ Н вг 
сй CU „^ч, Enantiomers 2% p 
3 ^ CH; cA; x CH 
H Ch; з. CH; н 


s 


N 

2R,35)-2-B -3- Г 

( ) romo-3-methylpentane X (25,3R)-2-Bromo-3-methylpentane 
у =т= \ uu, 


Diastereomers 
\ 


Diastereomers X Diastereomers 
X 
Sy E! scc E: 
с. н Lo H вг а. 
сн, € С 
ch, Pd B Enantiomers d e чш, 
CH; B н} 


Сн, 


(2R,3R)-2-Bromo-3-methylpentane (25,35)-2-Bromo-3-methylpentane 
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Figure 4.6 

The stereoisomers of 2-bromo- 
$-methylpentane and their 
stereochemical relationships. 
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atoms has retained its configuration compared with the other are called diastereomers 
or diastereoisomers. Diastereomers are stereoisomers that are not enantiomers. 

The maximum number of stereoisomers for a molecule with n asymmetric carbon 
atoms is 2", but there may be fewer, as you will see shortly. 2-Bromo-9-methylpentane 
fias two stereocenters, so it exists as any one of four stereoisomers (all are shown in Fig. 
4.6 with their assigned configurations). A compound with three asymmetric carbon 
atoms can exist as 25, or 8, different isomers. Notice that among the many stereoiso- 
mers, there exist pairs of enantiomers. 


NENNEN iia 


EXAMPLE 4.7 


Draw all of the stereoisomers for 4-chloro-2-pentanol, and identify the relationships 
among the stereoisomers. 


— 


First, interpret the name by drawing a structural formula without regard to stereo- 
chemistry, and then represent the molecule with a perspective drawing (if you place 
the hydrogen atoms pointing back, it will be easier to assign the configurations ini- 
tially). Assign the stereochemistry at the two chiral centers. 


A 
OH cl Ho H ан 
нс | CH | cH, —> vo 
ЗС C— Chg 63 
1 рз hs нс“ CH, Сен 
H 
(R) (5) 


By interchanging two groups on each of the chiral centers, one carbon atom at a time, 
generate all of the other possible isomers and write their configurations. 


B с ; D 
HO H н с н OH Cl H н он н Cl 
V \ ы + \ ы 4: NE 
Pd Pad 
ніс "eui en Hc CH; CH; HSC “сн; cH 
(R) (R) (9) (9) (9) R) 


Finally, pick the enantiomeric pairs—those in which every configuration is inverted. In 
this example, the enantiomers are A (2R, 45) and D (25, 4R) and B (2R, 4R) and C (28, 
4S). The diastereomeric relationships are A and B, A and C, B and D, and C and D. 


NNNM PM or 


EXERCISE 4.11 


Draw all of the stereoisomers of 3-bromo-2-hydroxybutanedioic acid. Identify the rela- 
tionships among the stereoisomers. 


tionships among ne 


4.3b  STEREOISOMERS WITH AN INTERNAL MIRROR PLANE ARE CALLED 
Meso COMPOUNDS AND ARE Not CHIRAL 


А molecule with nstereocenters can exist as a maximum of 2" stereoisomers. Consider 
the compound 2,3-dibromobutane. A maximum of four possible stereoisomers exist 
for this compound (2? = 4). By numbering the carbon atoms from the left end of the 
molecule, we generate four combinations of absolute configurations for these isomers, 
which are indicated below each structure in Figure 4.7. 


y 
4.3 Diastereomers 
Br CH . н, € 
r 3 CH, Br Br B 
Vica \2 3/ \2 А з ae 
H К С Н н "С—С. АС Са C—C 
H H VH Hoy ен 
CHs Br 8r СНз CH, CH; Вг Вг 
1 4 
і LI [LI 
(2R,3R) (25,35) (28,35) 259, 


However, if we simply number the carbon atoms from the right end, as illustrated below, 
the chiral centers in compound IV have the same configurations аз those in IIT. In ва, 
compounds Ш and IV are superimposable (make a model of each as they appear in 
Fig. 4.7 and verify that they are superimposable). Why are two of the isomers the same? 
If you consider different conformations for Ш (or IV), you will notice than in the 
eclipsed conformation (below, b.), the molecule has an internal mirror plane. 


a. b. 
4 1 
CH, CH CH [а 
\3 2 3 \ 3 / H3 
H F " H H VE [s H 
Br Br Br Br 
(2ҝ,35) 7— —Mirror plane 
Same as Ш 


In a sense, this molecule is like a racemic mixture within the same molecule. One stere- 
ocenter is the mirror image of the other. | 
Compounds that have such an internal mirror plane in any of its possible confor- 
mations are called meso compounds, and they arefhot pptically active. The overall 
molecule is achiral, even though it contains chiral carbon atoms (there are four dif- 
ferent groups attached to both C2 and C3). The existence of meso compounds de- 
creases the number of possible stereoisomers that can exist for a particular substance 
In this instance, we calculated that there should be four stereoisomers, yet onl three 
actually exist. Two of the possible isomers are identical. ' 


EXAMPLE 4.8 


Draw the isomers of 1,2-cyclopentanediol. Which are meso compounds? 


First, interpret the name of the compound by drawing its structural formula (below, at 


the left); then draw the perspective forms and assi. i 
; п the confi - 
metric carbon atom. i ш 


н H H H 
но HO» i А 
Куту =p 2e =p 
1 : 
io HOP Y но”, HO“) HO”? 
H H H H 
(1А,28) (15,25) (15,28) (1,25) 


! ! M М 


Next, look closely at any isomer that has an equal number of carbon atoms with oppo- 
site configurations (R and S) and determine if that molecule has an internal mirror 


Figure 4.7 
Possible isomers of 2,3- 
dibromobutane. 
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plane. If yes, then that isomer has the prefix meso-. In this example, the isomers shown 
as (15, 2R), Ш, and (1А, 25), IV, have an internal mirror plane, and they are identical 
compounds. Thus, 1,2-pentanediol exists as three unique stereoisomers: 
I (1R258)-1 ,2-Cyclopentanediol 
n (15,25)-1,2-Cyclopentanediol 
ІП meso-1,2-Cyclopentanediol 


EXERCISE 4.1 2 
Which of the following compounds have a stereoisomer that is a meso compound? 


a. 2,4-Dichloropentane b. 1,3-Dimethylcyclohexane c. 2,3-Dibromopentane 


4.3c CONFORMATIONAL STEREOISOMERS CAN Exist WHEN ROTATION 
ABOUT SINGLE BONDS IS RESTRICTED 

The notion that meso compounds have an internal mirror plane in an eclipsed con- 
formation (Section 4.3b) raises the question of conformational effects in molecules 
that have stereocenters. For example, consider the chair structure of cis-1,2- 
dimethylcyclohexane, which exists as two equivalent forms related by a ring-flip (Fig. 
3.18). Notice that the configurations of the stereocenters stay the same during the 
ring-flip, as expected since no bonds are broken during this conformational change. 


CH 
RN D? CH; 
[ex c 
— 
CH; !.CH 
мы J H oe 
A B H 


However, conformers A and B are actually mirror images and they are not superim- 
posable, as you can see by performing the manipulations shown below (if necessary, 
make models of A and B to see these relationships). 


1 
I 
CH; | CH; 
rotate 120* ! = 
—————- | 
around the | сн 
midpoint of HC H | H A 
the ring H A І в H 
Mirror 
CH3 
CH, » CH; 
rotate 60° H 
d ? H;C~ 
around the H3C B 
midpoint of H H H 
the ring H A A Н в 


Not superimposable 


Does this mean that A and B are enantiomers? If these conformers could be isolated, 
then yes, they would exist as enantiomers. Remember, however, that there is sufficient 
energy under normal conditions to rapidly interconvert the chair conformers of cy- 
clohexane (Section 3.3b, Table 3.1). 


4.4 Fischer Projections 


Because of this facile equilibration, the average structure for this molecule is pla- 
nar—as it is for most cycloalkanes—and the planar form is the one that you examine 
to evaluate chirality. For cis-1,2-dimethyicyclohexane, this planar form has an internal 
mirror plane, which means that it is meso. rem 


т 


Жет 


NE d. acne Mirror plane 
e 
H 3 


meso-1,2-Dimethylcyclohexane 


Conformational stereoisomers can exist if the rate of interconversion can be slowed 
sufficiently to permit their isolation. Technically, cooling a solution of certain cyclo- 
hexane derivatives can lead to “freezing” of the different chair forms. Separating such 
mixtures into their stereoisomer forms is usually not practical (or even possible). 

One class of molecule that exists as isolable conformational stereoisomers at room 
temperature comprises derivatives of biphenyl! (phenylbenzene) that have large groups 
at the positions on the rings adjacent to the carbon-carbon single bond as shown 
below in (a.). Molecules of this type can be isolated as enantiomers, although heating 
will cause racemization if enough heat is supplied to overcome the energy barrier and 
bring about rotation. Molecules like the mirror images below (b.), in which there is re- 
stricted rotation, are called atropisomers. 

F 2 


b. 


CH; Mirror plane 


At least three of the four indicated 
positions have to be substituted 
with a group larger than H. 


4.4 FISCHER PROJECTIONS 


Up to now, we have made perspective drawings to represent the three-dimensional struc- 
tures of organic compounds. A Fischer projection presents a chiral molecule as a flat 
structure, and it is most Commonly used to represent the structures of carbohydrates. 
A Fischer projection, shown in Figure 4.8a, uses the intersection of two perpen- 
dicular lines to define the position of a carbon atom. The substituents are then placed 
at the ends of the lines. The corresponding perspective form is illustrated in Figure 
4.8b. The two substituents on the horizontalline of the Fischer projection (а and c) rep- 
resent groups in front of the plane of the paper. The two substituents on the vertical line 
(b and d) lie behind this plane. 


light 
puo MA UNES d 


Fischer perspective 
projection drawing 
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Enantiomers of 6,6'-Dimethyl-2'-nitro-2-biphenylcarboxylic acid 


Figure 4.8 

Representations of chiral 
carbon atoms with a Fischer 
projection (a.), compared 
with a perspective drawing 
(b.). Part (c.) is an illustration 
that shows the genesis of the 
Fischer projection, which is 
like the shadow cast by a mole- 
cule when lighted from above. 
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Figure 4.9 


Forbidden manipulations of 


Fischer projections that 
generate the compound’s 


enantiomer. (a.) rotation of 
90°; (b.) flipping the structure 


over. 


Figure 4.10 

Allowed manipulations of 
Fischer projections. (a.) 
Rotation of 180°; (b.) 
interchanging three of the 
groups. 
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b. 
b rotate 90° a b À b 
€ ——- d b a —— c c —— 
d c d d 
a С а b a c (e a 
кз ^K ^K pa 
d с d d 
| Mirror | Reorient Mirror 


Flipping the Fischer projection over 
generates the compound's enantiomer. 


a [d с а 
а а 


Rotating the Fischer projection 90° 
generates the compound's enantiomer. 


Because the three-dimensional structure of a molecule is represented as a flat form 
in a Fischer projection, it cannot be moved about in the same way that a perspective 
drawing can. The structure cannot be rotated by 90° (or -90°) because that manipula- 
tion interchanges the bonds coming out of the page with those receding behind the 
page, which inverts the absolute configuration of the stereocenter. Flipping the struc- 
ture front-to-back is also forbidden because that movement also interchanges the 
groups in front with those behind the plane of the page. Both of these operations are 
illustrated in Figure 4.9, and you may want to make models to confirm these results. 

Allowed manipulations of a Fischer projection include rotation in the plane by 
180°, and interchanging three of the groups, as illustrated in Figure 4.10. 


b. 
interchange 
Ь b rotate 180° d ——^«b. a,b, апас a 
a c—c —>=— € ——> с b 
d b а” _ d 
a с c a a с с b 
nA Ne э ^K 
d b d d 
| | Reorient | | Reorient 
a c a [4 a c a C 
кА Identical pu ^K. Identical xXx 
b b b b 
d d d d 


4.5 Reaction Stereochemistry: A Preview 


To assign the absolute configuration of a carbon atom in a Fischer projection, you 
can proceed as before by first assigning priorities to each of the substituents. Because 
the groups in the vertical positions are pointing back, you need only to move the 
priority 4 substituent to one of those two positions by interchanging three groups. Ex- 


ample 4-9 illustrates the process by which the configuration of a chiral center is deter- 
mined from a Fischer projection. 


EXAMPLE 4.9 


Assign (К) or (5) to the chiral center in the given structure of 5-hydroxybutanal. 


2 
CHO £d 
H H 
The first step is to assign H б H 
H OH priorities to each of the 
substituents, as shown zn * LN 
CH; at the right. (e CH 
3 
3 


3-Hydroxybutanal 


Then, interchange three groups so that the lowest priority group is in one of the verti- 
cal positions, which is behind the plane of the paper. 


2 2 
rt Interchange three groups (1, 3, and 4) 
4 ae, 1 — 1 3 to place 4 in the vertical position, which 
is toward the rear. 
3 4 


Now, look at the relationship of groups with priorities 1, 2, and 3. These are positioned 
in a clockwise relationship, so the configuration is (R). A perspective drawing is in- 
cluded for comparison. 


Clockwise =(R) 


EXERCISE 4.13 


Assign (R) and (5) configurations to the chiral carbon atom (5) in the following com- 
pounds shown as their Fischer projections: 
CO;H 


a. b. 
CHO 
H H OH 
H H OH 


H 
Br 
CH; CH,OH 


4.5 REACTION STEREOCHEMISTRY: A PREVIEW 


Some chemical reactions begin with chiral substances, while in other transformations 

. H А H í 
only achiral starting materials are used. Chemical reactions can also yield products in 
which at least one carbon atom is chiral. In those situations, the most important thing 
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Reactants Products Example 


@:-@= 


Achiral Achiral 


Achiral Most reactions 


Racemic Electrophilic addition 
to alkenes (Chapter 9) 


Achiral The E2 reaction 
———— (Chapter 8) 
Figure 4.11 


A summary preview of 
reaction stereochemistry. 


Achiral Chiral 


e Chiral The 542 reaction 
(Chapters 6 and 7) 


Racemic The 541 reaction 
(Chapters 6 and 7) 


to remember is this: When two achiral molecules react, they will either generate achi- 
ral products or, if the product has chiral carbon atoms, a racemic mixture. (If more 
than one new stereocenter is produced from achiral reactants, you may obtain several 
racemic pairs.) You cannot make one enantiomer of a product preferentially when starting only 
with achiral molecules. Figure 4.11 provides a summary preview of reaction stereochem- 
istry, a topic that will be more fully developed in subsequent chapters. 


TS 


CHAPTER SUMMARY 
Section 4.1 Geometric isomers of alkenes 


e Stereoisomers are compounds in which the atoms are connected identically but 
that differ in their overall three-dimensional shapes. Figure 4.12 is a flow chart 
to assess whether two compounds are conformers, isomers, or identical. 

e An alkene with only one hydrogen atom at each end of a double bond exists as 
isomers, which are designated cis- or trans- [or, alternatively, (E) or (2). 

• An alkene that has three or four non-hydrogen substituents attached to the 
double-bonded carbon atoms may exist as isomers, designated (E) or (7). 

* Assignment of the (E) or (Z) configuration depends on the mutual relationship 
between the higher priority substituent at each end of the double bond. If these 
groups are on the same side of the bond axis, the alkene carries the (Z) desig- 
nation. If the groups are on opposite sides of the bond axis, the alkene is 
designated (£). 

• The priority of substituents is assigned according to the Cahn-Ingold-Prelog 
convention, which is based on the atomic number of atoms in the substituent. 


Section 4.2 Chirality and enantiomers 


© Stereoisomers that are nonsuperimposable mirror images are called enan- 
tiomers. 


* Enantiomers are chiral. 


• А carbon atom that has four different groups attached is called an asymmetric, 
chiral, or stereogenic carbon atom. 


Chapter Summary 


Compounds with the same molecular formula 


Completely superimposable? 


"d 1 


Identical Different connectivity? 
"d Yes li 
Constitutional isomers Identical after rotation about single bonds? 
a | 
Conformers Related as object and nonsuperimposable 


mirror image? 


xu Y 
Enantiomers Diastereomers 


cis-trans Isomers 
(alkenes) 


© The three-dimensional arrangement of groups bonded to an asymmetric car- 
bon atom is called its configuration. 

• The absolute configuration of an asymmetric carbon atom is indicated by the 
letter (R) or (S) which is based on the Cahn-Ingold-Prelog priority system 
(higher atomic number). The process to assign the configuration of a chiral 
atom is given in Figure 4.4. 

e A chiral substance is said to be optically active, which means that it rotates plane- 
polarized light. 

e A 50:50 mixture of enantiomers is called a racemic mixture or racemate. А тіх- 
ture of enantiomers that is not 50:50 is called a scalemic mixture. 


• Any tetrahedral atom with four different groups can be chiral. 


Section 4.3 Diastereomers 


• Molecules with more than one chiral atom that are neither superimposable nor 
mirror images are called diasteroisomers or diastereomers. 


e A molecule with chiral carbon atoms that has an internal mirror plane in at least 
one conformation is called a meso compound. Meso compounds do not rotate 
plane-polarized light. 

* Compounds with restricted rotation about a carbon-carbon single bond can be 
isolated as stereoisomers. Biphenyl derivatives are the most common examples 
of conformational stereoisomers. 


Section 4.4 Fischer projections 
• A Fischer projection represents the structure of a substance with chiral centers 
on a two-dimensional surface with use of intersecting vertical and horizontal 
lines. At each intersection of a vertical and horizontal line is a carbon atom. 


e The substituents attached at the horizontal positions are in front of the plane of 
the paper; the substituents at the vertical positions recede behind the plane. 
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Figure 4.12 

A flow chart to assess whether 
two components are conform- 
ers, isomers, or identical. 
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Section 4.5 Reaction stereochemistry: a preview 
• The products of a reaction that start with achiral reactants and reagents will ei- 
ther be achiral or racemic. 


* The products of a reaction that starts with both achiral and chiral reactants may 
be chiral, achiral, or racemic. 


* Figure 4.11 summarizes the possible stereochemical outcome of chemical reactions. 


BEEN o 


KEY TERMS 
Section 4.1a Section 4.2b Section 4.3a 
stereoisomer plane-polarized light diastereomer 
geometric isomer optically active ; 
racemic mixture Section 4.3b 
Section 4.1b racemate meso compound 
dextrorotat 
Cahn-Ingold-Prelog rene ies Section 4.4 
convention Fischer projection 
Section 4.2a 
enantiomer 
chiral 
achiral 


asymmetric carbon atom 
stereogenic carbon atom 
chiral carbon atom 
configuration 


_____ мш a i11 


ADDITIONAL EXERCISES 


4.14. Each of the following names is flawed because of a stereochemical descriptor 
that is either missing or incorrect. Provide a corrected name for each substance 
and draw its structure. 


a. trans-2-Chloro-3-methyl-2-pentene b. 3,4Dimethylcyclohexene 
c. 3-Methylcyclopentene а. 3-Нехепе 


4.15. Draw all of the geometric isomers and assign complete names using the (E) and 
(Z) descriptors, where appropriate, for each of the following alkenes: 


b. 8-Methyl-2,4-hexadiene 
d. 9-Ethyl-4-octene 


a. 1,3-Pentadiene 
c. 2,3-Dimethyl-2-butene 


4.16. Drawa structure for each of the following compounds: 
b. (3Z6E)-1,9,6-Octatriene 
d. (E)-2-Methoxy2-pentene 


a. (Z)-3-Bromo-2-hexene 
c. (Z)-1-Methylcyclononene 


417. Label each of the following as (Z), (£), or neither. 


a. b €. d. 
НС CH; H CH; CH. СН; нс COOH 
\ / \ 
С=С С=С С=С C=C 
/ N / 


H Br Br CH; HC C Hs H CH,OCH; 


Additional Exercises 133 


4.18. Using the scheme summarized in Figure 4.12, classify each of the following 
pairs of substances as identical, conformer, or isomers. If isomers, specify which 


type. 
a. b. 
OH 
Hg =f COOH сн, 
^ COOH P4 
u^ “а 
CH; OH 
c d. 
B 
СМ p OHQ Ch; 
2 i "c^ «n с=с 
tBu NC “Bu | 3 "2 
сно 
е f. 
cl осн 
H d QAR Ly HC н 


4.19. Arrange each of the following sets of substituents in decreasing order of prior- 
ity according to the Cahn-Ingold-Prelog convention. 


а. —Cl, -H, -NH3, -OCHs 
b. -CN, -OCHs, -COOH, -CH;CHs 
c. -OH, -CH$CH;, -CHO, -Br 
d. -СНз, -C2CH, -CN, -COOCHs 
4.20. Draw and name any geometric isomers that can exist for the following com- 
pounds: 
a. 2-Heptene b. 1-Chlorocyclobutene c. 1,3-Butadiene 
d. 3,4-Dimethyl-3-hexene e. 3-Phenyl-2-pentene 


4.21. Label each of the following as (Z), (E), or neither: 


a. b. с. 4. 
чь Он сосн, сн, вг 
FCR P ee m 
H CO;H сон 


4.99, Which of the following objects are chiral? 


a. Agolf club b. A pair of scissors c. A baseball glove 
d. Acorkscrew е. A telephone f. A pencil 
g. A basketball h. A hammer i. Aspiral staircase 
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4.23. Aldrich Chemical Co. sells tiglic aldehyde as trans2-methyl-2-butenal. Provide a 
correct IUPAC name for this substance, the structure of which is shown below. 


© 


иен, Tiglic aldehyde 


CH; 


4.24. A key intermediate in the metabolism of many carboxylic acids is commonly re- 
ferred to in biochemistry texts as “cisaconitate”. What is the correct name of this 
substance with regards to its stereochemistry? 


viec 


c n H 
PA = is 
Ere d ^ coo cis-Aconitate 


4.95. For each of the following compounds, assign (В) or (5) to each stereogenic center: 


a. b. с. а. 
нс H CHCH; СН; н CHs 


3 Ce Hs се we CH; Ng 
в/ “ен, Pd “он 


H ci 


4.96. Draw structures for each of the following compounds: 
a. (38,45) -4-Methyl-3-hexanol 
b. An optically active isomer of 1,2-dimethylcyclopentane 
с. (1А, 3S)-8-Methylcyclohexanol 
а 


. The meso isomer о 1,3-dichlorocyclopentane 


4.27. Draw all of the stereoisomers that can exist for each of the following compounds. 
Identify the relationships between the stereoisomers (enantiomers or diastereomers) . 


a. b. 
OH OH а cd а 
CH, — CH—CH— CH; CH4—CH—CH—CH—CI 
c d. 
OH OH 1 OH 
CgHs— CH—CH—CeHs CH,;—CH—CH—C,Hs 


4.28. For each of the following compounds, assign (R) or (5) to each stereogenic center: 


d. 
o 
oe Ó 
“сн; 4 


CH=CH, 


a. b. C: 


ida CH; 


COOH 


Additional Exercises 


4.29. In Exercise 1.28, you were asked to draw every alcohol with the molecular for- 
mula CsH120. Which of these can exist as stereoisomers? For each stereoisomer, as- 
sign (R) or (S) to each stereogenic center. 


4.30. Convert the following perspective formulas to Fischer projections. By conven- 


tion, the carboxylic acid or aldehyde group is placed at the top of the structure and 
the longest carbon chain runs vertically. 


a. b. c. 
H 2 Br H CH; 
Ha 5 — Br 
С Q-C 
A ~CH,OH FON Ho CHO 
5 CH, COOH H 


4.31. Draw all of the stereoisomers of 2,3,4trichloropentane. 
a. Label each structure as chiral or meso. 
b. In each structure, assign the absolute configuration of C2 and C4 as (В) or (S). 
c. Is C3 chiral in any of these stereoisomers? Explain. 


4.32. Convert the following Fischer projections to perspective formulas: 


a. b. с. 

CH,OH 

CH,OH COOH 
H OH 

H [e] H;N H 
H OH 

CH; CH;Ph 

CH; 


4.33. Draw all of the stereoisomers that exist for 2,4-dimethylcyclobutanecarboxylic 


acid. Identify the meso compounds, if present, and assign the absolute configura- 
tion of each chiral center. 


4.94. Foreach ofthe following structures, label each chiral carbon atom as (R) or (S) 
and identify any meso compounds: 


a. b. c. 
CH,OH 
CH,OH Br 
Т ая i H OH 
н СН, н он 
CH; H,CÓ 
CH,OH 
d e. f. 
CH,Cl OH 
H 
H cl 
a cl f 
H н 
CH,Cl он 
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4.35. Draw all of the stereoisomers that can exist for each of the following more 
pounds. Identify the relationships between the stereoisomers (enantiomers or di- 
astereomers). 
с 
а b. D 
— CHEMICAL REACTIONS 
CH,—CHBr— CHBr— CH; C,H,—CHOH—CH;—CHOH— СН; CHCH CH; 


OH AND MECHANISMS 


4.36. For the following bioactive compounds, assign (В) or (S) to each stereogenic 
center: 


5.1. GENERAL ASPECTS OF REACTIONS 
5.2 ACID-BASE REACTIONS 
oH инн н. 5.3 REACTION MECHANISMS 
5 o Hoag 14 | 5.4 REACTION COORDINATE DIAGRAMS 
p mes 
noss о /^y nc N mu 5.5 REACTIONS IN BIOCHEMICAL SYSTEMS 
CHAPTER SUMMARY 


a. Brefeldin A, an antiviral agent b. Imipenim, an antibacterial 


Previous chapters have acquainted you with the molecular structures of carbon- 
containing compounds, yet much of organic chemistry is devoted to the study of their 
chemical reactions. This chapter provides an overview of the types of reactions that you 
will encounter in this course, and its purpose is to familiarize you with the formalisms 
needed to describe the molecular interactions that convert reactants into products. 

The cornerstone of chemical reactivity is the acid-base reaction. The importance of 
this seemingly simple process would be difficult to overstate. By understanding the na- 
ture and reactions of acids and bases, you will begin to organize vast amounts of infor- 
mation needed to make predictions about reactions that you have never seen before. 

An important perspective on chemical reactions is also gained by considering the 
energies of reactants, intermediates, and products. This viewpoint confers an under- 
standing about whether a reaction will proceed and at what rate it will go. The topic of 
energy in chemical reactions leads naturally to the subject of catalysis, a concept with 
relevance to industrial as well as biochemical processes. An overview of chemical reac- 
tions that occur in biological systems, particularly those involved in metabolism, rounds 
out this chapter. One goal of this text is to relate reactions done in the laboratory with 
those that occur in living systems. 


5.1 GENERAL ASPECTS OF REACTIONS 


5.1a А REACTION Is PRESENTED AS AN EQUATION THAT DEPICTS 
THE STRUCTURES OF THE REACTANTS AND PRODUCTS 


In presenting reactions, we write an equation showing reactants on the left side going 
to products on the right side, with a horizontal arrow indicating the direction in which 
the reaction proceeds. Many organic reactions are equilibria, so they are reversible, a con- 
dition shown by a double arrow: =. A species that accelerates a reaction but is not 
changed at the conclusion of the reaction is a catalyst. Of the following equations, the 
third equation illustrates a reaction that is catalytic with respect to aluminum chloride. 
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Reactant(s) Product(s) 


CH,CHO + H;O ———— CH4CH(OH); 
ki Br 

H,C—C=C—CH, + 28г; ————3 Lo ah ies 
Br Br 


АС, O 
_—» 
aol a 


When we want to focus attention on a particular organic reactant, we often write 
the equation with some of the reactants or reagents on the arrow. Reagents are reac- 
tants of secondary importance—they can either be organic or inorganic compounds, 
which contain elements other than carbon. A reactant written on the arrow can still 
show up in the product, or it may be a catalyst. When the reagents are written on the 
arrow, the equation is NOT necessarily balanced except for the principal reactant and 


product. 
Br Br 


B | 
H,c—C=C—CH; ———> НС a ы. 
Br Br 


f reactant(s) on the arrow is often not given. It is assumed that 


The amount (stoichiometry) o' n 1 T 
the quantity needed to form the given product has been supplied to the reaction mixture. 


Solvent molecules, temperature, and other aspects of the reaction conditions are also 
let light (UV) is used, the notation hv 


included with the arrow. For example, if ultravio 
is written. If the reaction is heated, the symbol A is placed with the arrow. 


hv The reaction is irradiated with UV or visible (vis) light. 


A The reaction is heated. 


Inorganic reagent, irradiation 
Hoy with UV light Bry 


Brz, hv 
CCla, 75°C 


Solvent and conditions 
for the reaction 


ons are carried out with a given compound, common 
with the arrow rather than to show each reaction sepa- 
two independent steps are being 
the reagents are not compatible 
n flask. 


When sequential operati 
practice is to list the reagents 
rately. For example, the following equation shows that 
done. As is often the case in sequential operations, 
with each other, so they cannot be mixed in a single reactio 


H 


—o 


l This reaction is performed first... 


С c 
“ен, 1. CHgLi, ether, 0°C g bou 
2. H20 3 


...then this step is done, separately. 


CY 


d with the reagents is that you perform Step 1, 
Next, Step 2 is carried out and allowed to 


The meaning of the numerals associate 
and then wait until that reaction is complete. 


5.1 General Aspects of Reactions 


proceed until that reaction is done. The use of numbered steps can also mean that the 
product of the first step is actually isolated and purified before it is subjected to the 
next reaction. If no numbers are used with the reagents, you can assume that all of the 
reagents are added to the reaction flask at the same time. / is important to learn whether 
a transformation requires separate steps or if a combination of reagents is used. 

Another piece of information that is often included with an equation is the yield 
of product, which is expressed as a percentage listed at the far right side. This number 
is simply the number of moles of product actually obtained, divided by the number of 
moles that can theoretically be produced, multiplied by 100. 


OH o 


K;Cr;0;, H20, А 
Skat ыы ДЫ 
pu boi A (87.5%) 


2-Heptanol 2-Heptanone 


@ Start with 0.400 mol | у (2) 0.400 mol possible e 
0.350 mol actually obtained 


0.350 


9 i = 
© % Yield 0.400 


100 = 87.5 


The percent yield is supposed to give an indication about how well а reaction 
works, but yields are variable and depend on the skill of the investigator as well as on 
the inherent efficiency of the transformation shown. Reported yields of product 
greater than 70 or 80% usually mean that the reaction works well and creates few side 
products. When reported yields are lower, you will probably have to be concerned with 
separation of unwanted by-products. When a reaction does not work (i.e., the percent 
yield = 0%), the letters “N.R.,” meaning No Reaction, are written in place of the product 
structure. A “quantitative yield” means 100%. Ideally, reaction yields should be re- 
ported as a range, which more accurately indicates the reaction’s efficiency. 

Finally about reactions, you may encounter transformations for which the actual 
reagents are not listed. Instead, the name ofa particular reaction is given. For example 
the Swern reaction (or Swern oxidation), illustrated below, proceeds in two steps uang 
t ue of oxalyl chloride (CICOCOCI) and dimethyl sulfoxide (CH3SOCH; or 

SO) atlow temperature, followed by treatment with triethylamine (Section 11.46b). 


Swern reaction 


CHO 


Rath i ist wi 
cd than list the reagents, a chemist will sometimes provide only the name of the 
rmation, and other chemists generally know what is meant. There is an entire 


lore of name reactions i : 
eactions in organic i i 
Eon ones. g chemistry, and you will undoubtedly learn many of the 


5. 

E. REACTIONS CAN BE CLASSIFIED BY SEVEN BASIC TYPES 

e o ш agree about four characteristic types of reactions that organic mol- 

ae ergo: proton-transfer, substitution, addition, and elimination. Rearrange- 
€ sometimes put into their own category, as are oxidation and reduction 
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reactions. Certainly, all organic reactions can be cl 
which is what we do in this text. 


CHAPTER 5 Chemical Reactions and Mechanisms 


assified as one of these seven types, 


The proton-transfer reaction occurs when H* is either lost or gained bya molecule. 


е o ud + H—OH 


pa: Nt 
М + HCL ——— NH + Cl 
1 ) К, 


cid -base reactions, which are so fundamental to 


Reactions of this type are examples of a 
detailed presentation about acids and bases is 


understanding chemical reactions that a 


provided in Section 5.2. 
A substitution reaction occurs when one group replaces another. During this process, 


a sigma bond is broken and another one is formed. 


Substitution of OH by Br 
* 
H H 
A 
uS H + HBr —— gm H + H—OH 
ÓH г 
Substitution of Н by Br 
H H 
H H 6 H Br 
+ Вг; OS + HBr 
H H H H 
H H 


EXERCISE 5.1. 


Given that the preceding equation is balanced, what is the function of FeBrs? 


An addition reaction occurs when a substance adds to a л bond, whether that bond 
is between two carbon atoms or between a carbon atom and a heteroatom. 


Addition to a C=C bond 


H H | H 
P: 
pee dB CH,CH; x-é : „Вг 
/ \ (solvent) Hc” 4 \ 
HsC H Br Н 
Addition to a C=O bond 
H3C H3C 
NaOH 
= HCN —CN 
c=0 + (catalyst} Ке ^t 


/ 
H3C OH 


5.1 General Aspects of Reactions 


: A third characteristic process for organic compounds is the elimination reaction, 
which occurs in the reverse sense of an addition reaction, creating a new л bond by г - 
moving atoms or groups from an organic molecule: т 


Elimination of H and CI 
H H 
Y 


4 Cl 
С—С _коң EtOH | CH=CH, 
d \ А + KCl + H—OH 


Like addition and elimination, oxidation and reduction reactions of i 
pounds are also the reverse of each other. If you have studied chemist у бек те уой 
probably learned that a “redox reaction” is one in which one reactant is es idi we Pile 
another one is reduced. In organic chemistry, the same holds true, but the idi end 
reducing agent is very often an inorganic substance, and we classify a AME zing or 
idation or reduction based on what happens to the organic reactant. PUPLUN a o ben 
hydrogen atoms are removed from or heteroatoms are incorporated into aub bis 
molecule. Reduction takes place when hydrogen atoms are added to or h кы 
removed from an organic molecule. sca 


Oxidation of an alcohol to form an aldehyde 


H OH о 
| вагы i 
CH;CH,CH~ “н pyridine снусн,сн н 


Reduction of an alkene to form an alkane 


нон 
H,C—CH—CH—CH, + н, — 28m e, esed epu 
p qe 
нн 


gi А 

A rearrangement, as the name implies. occurs when the carbon skeleton of the or 1g 
> c 

inal molecule changes to another. 


ү o 
H AICI 
o A з Е. 
Н; ao N 
CH; сн, 


EXAMPLE 5.1 


Classi i i 
ify the following reaction by one or more of the designations just described: 
H 
OH CrO; p 
pyridine 
CH; CH; 


This tr ansfo i reate: = 
rmation of an alcohol to a ketone creates a C=O п bond by removing two 
hydrogen atoms; therefore, this is an elimi i i W 
: mination reaction i 
ту! : . We can also classify the 
pam a manon as an E reaction because two hydrogen atoms are removed 
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EXERCISE 5.2 


Classify each of the following reac 


tions by one or more of the designations just described: 


айй 


а. n 
CHiLi 
CHCH „CHCH; 890, снусн ССН: aa А 
c с Ac? cov. 


i ње out 
b. 
Cw oso.chH: + Г pd M d 
Subs пилом 
c. 
он 


н,50,А Q + HO additio vo . 
T 


5.4c Вомоѕ CAN BE BROKEN AND FORMED BY POLAR, 

RADICAL, AND PERICYCLIC PROCESSES 
at makes use of reaction types, organic transforma- 
ner in which bonds are broken or made. In an ionic 
e, the bond to be broken is po- 
tive, charge and the other as- 


Besides the classification scheme th 
tions can be categorized by the man 
or polar reaction, which is by far the most common typ 
larized so that one atom assumes a positive, or partial posi 
sumes a negative, or partial negative, charge. These bond polarities result from the 
electronegativity or polarizability of atoms that constitute the molecule (Section 2.2a). 
In a polar reaction, bonds undergo heterolysis, meaning that both electrons in the 
bond stay with one of the two atoms that are initially bonded together, so the bond 


breaks in an unsymmetric fashion. 


сн; CH; CH; 
Rie à e Cho 
CH; CH; 


ns in the bond go with one of the atoms, 


In a heterolytic process, the two electro’ 
n this case, a carbocation is formed. 


leaving a species with a positive charge. 1 


When the carbon atom wholly loses its electrons to a more electronegative element, it 
forms a reactive intermediate called a carbocation (Section 2.5e), which is the normal 
course for heterolysis of a carbon-heteroatom bond. Carbocations are normally only short- 
lived intermediates in a chemical reaction. If the bond between carbon and a more elec- 
tropositive element (usually H) undergoes heterolysis, then the carbon atom retains the 
electron pair and acquires a negative charge, forming a carbanion. 

In radical reactions bonds undergo homolysis, meaning that one electron in a 
bond moves to one atom, and the other electron in the same bond moves to the other 
atom. Bonds are broken (or made) in a symmetric fashion, and odd-electron species 
are formed. Radical reactions will be discussed in Chapter 12. 

In a pericyclic reaction, electron movement occurs in а concerted process, which 
means that all of the bonds are made and broken at the same time. No intermediate 
radicals, carbocations, or carbanions are formed. Pericyclic reactions will be described 


in Section 10.4a. 


5.2 Acid-base Reactions 


5.2  ACID-BASE REACTIONS 


5.2a  Acips ARE PROTON DONORS 


Polar reactions i 

eria ds мы аге the most common processes in organic and biologi 

Brensted-Lo d n with the reaction between an acid and a base. Accordi he 
wry definition, an acid is a substance that donate: i ing to the 

a substance that accepts a proton. sa proton, and a base is 


In a general way, we write an acid-base reaction as follows: 


НА + B == A^ 
* HB* (5.1) 


Acid Base Conjugate Conjugate 
base of HA acid of B 


In Eq. 5.1, HA is an acid, B is a base, A^ i 

] А л е, A” is called the conj ] 

is called the conjugate acid of base В i о oe epee 
ed t njug . As described in Sect TEN ili 
rium lies in the direction of the weaker acid, so it is important кы d hes Ds 
conjugate acid and the acid's conjugate base. ea ак 


For an acid-base reaction written in the form of Eq. 5.1, an acid and a bas 
Л, е арреаг 


on each side of the arrows. Th ilibri 
на е equilibrium constant, Keq: for Reaction 5.1 is defined 


_ ГАТ [НВУ 


Keq= 
[HA] [B] 


(5.2) 


When water is the sol 
vent and plays the role of base, i 
n 1 ase, its co: ion i 
constant. Equation 5.1 simplifies to the following: : ИИ: 


НА (aq) + HsO == A^ (aq) + НзО" (aq) (5.3) 
We can now define the quantities K, and рК: 
[Aag] [H3O* aay] 


Ky = 0089) 712302 (ag)! 
[HA] (5.4) 
pKa = -log Ka (5.5) 


The pK, value is a measure of how stron id i 

ee re g an acid is. It is a convenien i 
See АЕ ba sns d poia and we do not have to use exponents. Sa pues 
een queda E : me more acidic than H3O* transfers its proton completel 
B uit ee ydronium ion, and any species more basic than OH- d 
PR values below about -2 ш ane z ткы) онан к ака О 

S з мл, lone ina solvent other than water. 
= ich is conv 

E р one н їп other solvents are equal a evans TT 

out acid strength are, | 


1. Тһе stronger the acid, the lower its pK, value 


2. The conj 
ijugate base of a strong acid i 
MESE ee g acid is a weak base, and the conjugate base of a 


Because it is i 

aam emcees i ad pK, values in order to judge the strength of an acid or its 
M rini P ac € these data easily accessible—a table of pK, values is тей 
bie 5.1, in which pK, S of this book. A more manageable compilation is Ne à 
c SPINA is values have been rounded to multiples of 5, which йак the $ 
Dp | а 
4ons in this text are readily grasped if you kaoi o e npn Е ns 
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CHAPTER 5 Chemical Reactions and Mechanisms 


Table 5.1 Тһе рк, values for types of compounds frequently encountered in 
organic chemistry. 


pKa Compound types 


Mineral acids H2504, HI, HBr, HCI); sulfonic acids (RSO3H) 


-10 
0 H30+, H3PO4 | | 
5 Carboxylic acids (RCOO H), HE, aromatic thiols (ArSH), HN3 
Weak inorganic acids (HS, HCN, NH4*), amine salts (RNH3*), phenols (гон, 
" thiols (RSH), aromatic amides (ArCONH 2 
15 H20, alcohols (ROH), amides (RCONH 2) 
20 Ketones (RCH 2COR) " 
25 Esters (RCH 2COOR’), alkynes (RC=CH), nitriles (RCH СМ) 
30 Anilines (ArNH 2) | 
40 Ammonia (NH3), amines (RNH 2), benzylic С-Н (ArCH2X) 
45 Arenes (ArH) and alkenes (RCH=CH 2) 
50 Alkanes (RH) 


5.2b  Acip-BAsE REACTIONS Are EQUILIBRIA THAT FAVOR 
FORMATION OF THE WEAKER ACID 


An acid-base reaction occurs So rapidly that its equilibrium is affected only by the S 
ne ene S f the reactants and products. Let us reconsider Eq. 5.1, in which aci 
HA. b base B to generate their conjugate pairs; for an acid-base reaction, 

(uM acid and base on each side of the arrows. 


НА + В = A + HB (5.1) 


Acid Ваѕе Conjugate Conjugate 
base of HA acid of B 


The equilibrium constant, К.а, for this reaction is given by Eq. 5.2. We can separate 
the overall process (5.1) into distinct steps as follows: 


НА == А-+ Ht (5.6) 
B + H* = НВ' (5.7) 


The equilibrium constants for Reactions 5.6 and 5.7 are: 


аи ш ich is simpl for HA (5.8) 
HA) = which is simply Ка 
Keq (HA) THAI 
and 

Kea (НВ?) = DET which is ae for HB* (5.9) 

: [H*][B] К, 
Thus, for the acid-base Reaction 5.1, 
K, for HA 


ну ee (5.10) 
Ka = (НАК (НВ?) = TO. 


HA 1 o the equilibrium constant 

i tronger acid than HB*, then Кана) > Ка(нв»), $ шт 4 : 

i ПШ see reaction will have a value > 1. If you learned about equilibrium con 
q 


/ 


5.2 Acid-base Reactions 


stants before, you will recall that Кы > 1 means that a reaction will proceed from left to 
right as written. In this example, this means that it will proceed toward the weaker acid. 
But if HA is the weaker acid, then solving Eq. 5.10 will give Keq < 1. Thus, Reaction 5.1 
will proceed from right to left, which is also toward the weaker acid. The conclusion is sim- 
ple: Acid-base reactions proceed to generate the weaker acid. 


A specific example will serve to illustrate how to predict in which direction an 
acid-base equilibrium lies. 


EXAMPLE 5.2 


In which direction does the equilibrium lie for the reaction of acetic acid and cyanide 
ion, producing acetate ion and hydrogen cyanide? 


CH3COOH + CN- == CH3COO* + HCN 


——— 


To predict the position of the equilibrium, we first identify which species are the acids 
and which are the bases. In this example, one reactant is acetic acid, a neutral com- 
pound with a proton attached to oxygen, a common structural feature of an acidic sub- 
stance. The other reactant, cyanide ion, has a negative charge, which is often an 
important feature of a base. When they react, an acid and a base will produce the cor- 
responding conjugate base and conjugate acid, so an acid and base exist on each side of 
the equation. These species should differ only by the presence or absence of a proton. 


CH3COOH + CN. == CH3COO- * HCN 
Acid Base Conjugate base Conjugate acid 
Next, we look up pK, values for each of the two acids in Table 5.1. Acetic acid has a pK, 
value of ~ 5 (pK, = 4.75) and HCN has a pK, value of ~ 10 (pK, = 9.2). Knowing that an 


acid-base equilibrium lies in the direction of the weaker acid (larger numeric value), 
we expect this equilibrium to lie toward the right. 


EXERCISE 5.3 


Draw the structure for the conjugate base of the following acids: N a 


CHa- -C07 


145 


Nita 


а. CH&CH2COOH b. НМ: с. (CH3)>CSH d. CeHsOH е. NH4* (сњ) 


C 
EXERGISE 5.4 


In which direction does the equilibrium lie for each of the following reactions? Make 
use of the data in Table 5.1 or in the table on the inside front cover of the book. 


a. Pe 


À 
CH,COH + 7 == снсо + на # MLE —— 
b. À + 


CHOH + СМ == CHO + HCN 


c. А 


OH o^ к 
O + CHO == O + CH,OH —) 
А 


a 


е. А 


NH,* + CH,CH,S^ == NH, + CH3CH,SH — 


Eg hes Towards the 
Weven aoo, 
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5.2c THe ACIDITY OF A PROTON 15 INFLUENCED 
BY THE LOCAL ENVIRONMENT 


Many factors influence the strength of an acid, but these effects ultimately reflect the 
stability of its conjugate base. The more stable the conjugate base, the less attraction it has for 
a proton, so the stronger the acid. A base’s stability depends on solvation energy, the energy 
needed to dissolve and keep the base soluble. Solvation energy in turn is influenced by 
three main structural and electronic features of the base: size, electronegativity, and 
electron delocalization (resonance). 


• Size. If you consider the pK, values of the hydrogen halides, which decrease from 
HF to HI, you will see that this trend parallels the increasing radii of the halide ions, 
which are the conjugate bases of these acids. (Recall from general chemistry that 
atomic radii increase from top to bottom within a group of the periodic table.) As 
the radius of an atom increases, SO does its volume, which means that the negative 
charge is not as concentrated in a large ion as in a smaller one. Because its volume 
is greater and its charge is more highly dispersed, a larger conjugate base can in- 


teract with solvent molecules to a greater degree and gain stability. 


Acid HF HCI HBr HI 
рК, value: 3.3 -7 -9 -10 
с = ==) 
increasing acidity 
Conjugate F` а Br. n 
base p-———————— 


increasing radius 


e Electronegativity. In any period of elements, atomic size decreases from left to 
right, but these changes in atomic radii are much smaller than for those within 
a group. Solvation energies are therefore not affected much by size differences 
within a period. On the other hand, electronegativity values increase from left to 
right across a period. The greater an atom’s electronegativity, the more strongly 
electrons are attracted to its nucleus, and the more stable it will be as an anion. 


Acid CH, NH; H20 HF 
pk, value: 48 38 15.7 3.3 


Conjugate CH; NH; OH™ FO 
base 
increasing electronegativity 
of the non-hydrogen atom 


For a given atom—carbon, in the following example—electronegativity increases 
with increasing s character of hybrid orbitals. Electrons in an s orbital have a 
higher probability of being nearer the nucleus, so they are more strongly attracted 
to the nucleus. Electrons in an sp orbital are therefore closer to the nucleus, on av- 
erage, than those in an sf or sp? hybrid orbital because of the greater 5 orbital 
contribution. With its higher electronegativity, an sphybridized carbon atom bears 
a negative charge better, so its conjugate base derivative is more stable. 


Acid H,C—CH,  H;C—CH; HC=CH 
pK, value: 48 44 25 
EEE ED 


increasing acidity 


Conjugate H,C—CH, H,C—CH нс=с: 


base 
increasing electronegativity of the 
carbon atom (hybridization) 


5.2 Acid-base Reactions 


© Electron delocalization. When electrons can be delocalized over m hi 
atom, the influences are classified as resonance effects. а stabiliz Чоп 
provides a simple way to rationalize why acetic acid is mere acidic h d nea 
The negative charge of the anion generated by loss of the proton сап be е 


calized to the carbonyl oxygen atom as wi i i 
ell, 
makes the conjugate base more stable. ОИ 


6: i 
HC d бу —— P pr 
зС— + но: H;07 
\ 2 3 + H;c—C <— — 
owe 2 m че 


Her :0 


Acetic acid = 
(pK, = 4.75) Acetate ion (resonance forms) 


A 


Sa a ш, > HÖ* + H,C—CH,—O:7 
2 M 
Ethanol (pK, = 15.9) Ethoxide ion 


EXAMPLE 5.3 


Circle the most acidic proton in each compound and indicate which is a stronger acid 


Cr ү 


Fi i 
ЗЯ ехрапа each line structure to reveal every proton type. Each of these substances 
iv т H H : А 
уе ошаш protons; two benzylic, aliphatic protons; and a proton attached їо а 
‚ In most cases, protons attached to heteroatoms are more acidic than those 


А Я 
Jaen p c Second, assign an approximate pK, value to each proton type 
are found in Table 5.1 or in the table on the inside front cover of this text. 


Benzylic, aliphatic 


Н pon (pK, = 40) Benzylic, aliphatic 


H protons (pK, = 40) 
H CH;— SH H ^ 


CH; —OH 
H H Thiol (pK, = 10) H H ean (pK, = 15) 
H 
x Five benzene H S Five benzene 


protons (pK, = 45) protons (pK, = 45) 
a= 


Th i i 
= ү T with the lowest рК, value is the most acidic, so we circle the SH and OH 
€ two compounds, respectively. Of the pair of compounds, the thiol is the 


more acidic. 
CY CY 


More acidic of the pair 


"me 


EXERCISE 5.5 


For each pai h molecule, and then 
pair of compounds, circle the m idi i 

wol. 1 Я ost acidic proto: 

я à P n in eac 

ndicate which is the stronger acid of the two. i Е 
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[4 m 
b. \ аб. ae x: \ qu 
o 


" OH OH 
4 4 
HC нс, H,C—CH; —NH; 


NH; NH; 


5.2d Acid STRENGTH ÎS INFLUENCED BY INDUCTIVE EFFECTS 


Carboxylic acids are the strongest acids among compounds that contain only С, Н, and 
O. Acetic acid provides the reference mark for a typical carboxylic acid, and it has a pK, 
value of 4.75. The pK, value of chloroacetic acid is less than that for acetic acid. 


The variation in acidity among structurally similar compounds like these can be ex- 
plained by differences in the electronegativity values of the substituents. These electroneg- 
ativity differences manifest themselves by donating or withdrawing electrons through the 
bonds between atoms, an influence known as an inductive effect. In the comparison of 
acetic and chloracetic acids, the argument goes like this: chlorine, being electronegative, 
renders the carbon atom adjacent to the carbonyl group partially positive. 

In turn, this withdraws electron density from the carbonyl carbon atom and the 
oxygen atom bearing the proton. The effect is to weaken the O-H bond, making the 
proton more acidic. 


Toa Ioa 
Ф—сн,—с—8—н 
я — 


Thus, this inductive effect of the chlorine atom makes chloroacetic acid more acidic 
than acetic acid. In general, an electron-withdrawing substituent near the COOH 
group increases the acidity of acetic acid. The more electronegative a substituent, the 
stronger the acid. Conversely, an electron-donating substituent makes the acid less 
acidic than acetic acid. Alkyl groups are the most common substituents that donate 
electrons (Section 6.2b). Table 5.2 lists some derivatives of acetic acid and their corre- 


Table 5.2 Тһе pK, values of acetic acid and derivatives. 


Carboxylic acid pK, Carboxylic acid pK, Carboxylic acid pK, 
[е] о 
| і | 
CH; “он 475 CI—CHZ “он 2.85 Br—CHÍ `OH 2.90 
о 
1 l | 
F—CHY "OH 2.59 сыен “он 1.48 I—CHÍ OH 3.12 
о 
| | 
uN AES 
CH,— CH; OH 4.87 «а OH 0.70 


— 


5.2 Acid-base Reactions 


Table 5.3 The pK, values of butanoic acid and its derivatives. 


Compound pK, Compound pK, 
SW 4.81 1 l 
РЫ : A Aon 4.05 
o [9] 
oo 2.86 e. ou 4.52 
cl 


sponding pK, values, illustrating the effect of substituents on the carbon atom adj 
to the carboxylic acid group. nr 
As you might expect, more than one electron-withdrawing group increases the 
magnitude of a substituent’s effect, so dichloroacetic acid is stronger than chlor: i 
acid, and trichloroacetic acid is the strongest acid of this series. = 
Inductive effects depend on the distance between atoms, too. Аз a chlorine atom i 
moved farther from the carboxylic acid group, its electron-withdrawing effect dimi 
ishes rapidly. The series of butanoic acids that have a chlorine atom attached to C2, СЗ, 
and С4 shows this influence, and the corresponding pK, values are listed in Table 5.8 | 


EXAMPLE 5.4 


Among the following compounds, circle the stro: i 
Bee ten cad. ngest acid and put a rectangular box 


CH; Cl F 


нс 
соон соон coon [ esos 


'To begin, chose a reference compound with the same carbon skeleton as the com- 


р ѕ to be evaluated: сус opentanecarbo: 1 as no substituent, so it 15 the log- 
ounds to be evaluated: 1 ic acid h: bstit t tis th 
у ху. 1 g 


2 


3 
XL- COOH 
4 


5 


à Alkyl groups are electron donating, so derivati i i 

acidic than the reference не: The a el eh c icd Se 

реа to к carboxylic acid group than the 3-methyl derivative does, so its 

a i ect will be greater. The chlorine and fluorine atoms are electron withdraw- 
g, so the 2-chloro and 2-fluoro compounds will be stronger than the reference 


compound. Fluorine is more electronegative than chlorine, so its M ence 
р ga , inductive influenc 


The solution is therefore as follows: 


CH; 


Сі 
HC i 
COOH COOH `Ту—соон eek 
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| EXERCISE 5.6. 


For each set of compounds circle the strongest acid and put a rectangle around the 
weakest. А. 


ку l4 


F OH CH; 


аван сода р“ COOH SA соон 


а. 


Уу co0H Уу “соон T bd 
CH; cl Br 
o OOO 


5.2e BASES OFTEN CONTAIN A NITROGEN ATOM 

A base is a substance that accepts a proton, according to the Brensted-Lowry defini- 
tion, and several common ones are listed in Table 5.4, along with the corresponding 
conjugate acids and their associated pK, values. Remember that the conjugate base of 
a strong acid is a weak base, and the conjugate base of a weak acid is a strong base. If 
you know the pK, value for an acid, then you also know the relative strength of its con- 
jugate base. 

Amines are derivatives of ammonia, and they are considered organic bases. As 
such, they are relatively weak, but they are readily soluble in organic solvents, so they 
find widespread use. When a strong base is required with which to carry outa reaction, 
then sodium hydroxide, NaOH; sodium methoxide, Nat CH307 or ethoxide, Na* 
СН:СН»07; potassium tertbutoxide, K* (СНз) СО”, sodium amide, Na* NH», or 
lithium diisopropylamide, LDA, Lit [CH(CH3) glgN- is chosen as a reagent. 


Table 5.4 Substances commonly used 
as bases in organic reactions 


Base Conjugate pKa of 
acid conjugate acid 
\ x 
l N: 4 NH 5 
g == = zB 
a + % 
5 RN R3NH 11 5 
E i £ 
=, -OH њо 15 B 
= € 
g = v 
u OR ROH 16-18 u 
о о 
Е = 
4 NH; NH; 38 á 
v 2 
ч [Е] 
= —( = E 
INS МН 40 


Я 


5.2 Acid-base Reactions 


5.2f THe BASICITY OF AN AMINE Is INFLUENCED 
BY INDUCTIVE AND RESONANCE EFFECTS 


As noted in Section 1.4a, we classify ami 
on 1. amines accordin, 
attached to the nitrogen atom of ammonia. ИТИ 


\ \ X R R 
N—H А —H А —H \ —R № p 
H H R' R в "Ww 
Ammonia 1? Amine 2? Amine 3° Amine 4? Ammonium i 
m ion 


(quaternary ammonium ion) 


Simple aliphatic amines are named b: i 
y adding the name of the alkyl i 
if needed, to the suffix amine. Prim; i Se D н cd 
z ary amines can also be named with thi ino 
gene nip "n cycloalkane root. Cyclic amines often have uo e iue 
bt vs ud e prefix aza along with the cycloalkane root indicates that one of he i 
s (and attached hydrogen atoms) has been replaced by a nitrogen atom i 


HC нс 


CH3CH;—NH; Өз 2 > \ Ри 2' ‹ 
М н NH 
H3CH. H NH / H M CH;CH; 
E lamin О! mi im y n ohexane 
thy! e Cyclohexylamine Dimethylamine Ethyldimethylamine Azacycloh 


(oraminoethane) (or aminocyclohexane) 


(piperidine) 


Ammonia is the conjugate base 
of the ammonium i i 
~9. We И ie А ion, which has а 
e m quantify the basicity of an amine in a manner similar to b. pene 
idity, defining a pK, value according to Eq. 5.13. at used for 


RNH + HO === RNH; + OH- (5.11) 

к,  URNHs"ITOR] (5.19) 
[ЕМН] 

pK, = -log Къ (5.13) 


If we u i i 
E. а б. х еони point for the basicity of nitrogen-containing 
1 ; е from Table 5.5 that an alkyl grou i 
primary amine more basic than that of не Md к а 


Table 5.5 Th 
. е pK, values of ammonia and aliphati i 
| a 
of their conjugate acids. pus eee 
СОЗБЕН ЗВАЛ a 
Amine 
pK, Ammonium lon pK, 
a 
NH 
3 475 NH, 
CH3NH; 3.35 N an 
ЗА ; CH3NH3 10.65 
І 
T " 327 (CHs) NH 10.73 
; 5s 4.22 (CH33NH 
H3CHoNH; 329 N ки 
аны | CH3CH2NH3 10.71 
E 22 3.00 (CH3CH2); NH; 11.00 
Ка ЭД 3.25 (CH3CH2)3ÑH i 
: з 
CH2CH2CH2CH2NH2 3.31 5 А 


CH3CH;CH;CH;NHs 10.69 


Қ, 
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This effect results from the electron-donating influence of alkyl groups. As two and 
then three alkyl groups are substituted for H on the nitrogen atom, the basicity of TE 


CH,CH; 
{МН 
rd 

CH;CH, 


Diethylamine 


Piperidine 
(sp? nitrogen atom) 


amine first increases, then decreases. This pattern is а resutr of solvation of the conju- 
gate acid. 

Instead of referring to pK values, organic chemists normally use the pK, value of 
the corresponding ammonium ion. In aqueous solution, pK, and pK, are related by the 
following expression: ` 


pK, +p% = 14 | (5.14) 


We make the assumption that this relationship also holds for nonaqueous solvents. 
Table 5.5 lists the corresponding pK, values for the conjugate acids of ammonia and 
aliphatic amines. Although potentially confusing, a pK, value is normally given when 
discussing the basicity of the amine, with the understanding that the number actually refers 
to the pK, value of the corresponding ammonium ion, the amine’s conjugaly-acid.~ 

Compared with acyclic amines, cyclic analogues have a highef basi 


E ON 
city, which re- 


sults from less steric hindrance toward protonation о within a ring. _ 
(Remember, the рКа values listed refer to the amine’s conjugate acid.) 
CH;CH, 
\+/ H + H 
IN pK, 711.00 {мн NS pK, 712.20 
cH,cH, Н 


Piperidine 


Hybridization of a nitrogen atom also attecÁ base strength because of electroneg- 
ativity effects (Secti 2c). Increasing the s character of a hybrid orbital will decreas! 
the molecule’s ‘basicity. Because an sp^-hybridized orbital is less basic that an зр?- 
hybridized опе, pyridine is a weaker base than piperidine. Conversely, the conjugate 
acid of pyridine is more acidic (lower pK, value) than the conjugate acid of piperidine. 


+H N \+ 
( NT pK, 712.20 | da {© W—H pK, 75.3 


медке Wag 


Pyridine 
(sp? nitrogen atom) 


тъз f aniline derivatives is influenced by resonance effects in addition to 
the inductive effects. The electron pair on the nitrogen atom interacts with the т elec- 


trons of the benzene ring, and | delocalization into the ring makes this electron pair less 
available to react with a proton. In fact, triphenylamine is not at all basic with re ard to 
protonation by water (Table 5.6). 

Attaching substituents to the aromatic ring also in ces the hasicity of the 
amino group in derivatives of aniline. For example, a nitro grou C4 decreases ba- 
ИД H gom 
UR ur the electron pair О: 


n the aniline nitrogen atom is delocalized with the 
enzene ring and nitro group, so it is less available to react with a proton. 


CNH, NH, 
Ом C — Oi KY 
ху T “м 


L |_ 
о о 


Other substituents can exert inductive effects, too, increasing or decreasing the elec- 
tron density in the ring and on the nitrogen atom of the amino group. 


5.2 Acid-base Reactions 


Table 5.6 The pK, values of the conjugate acids of aniline and related compounds. 


Compound Conjugate acid pK, value Compound Conjugate acid 


| 4.62 


Q i 
” ж : 
т 
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X 
© 
со 
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EXERCISE 5.7 ХЫ 
pAnisidine (4-methoxyaniline) is more basic than aniline. Draw the important reso? 2 e» 
nance structures that rationalize this greater basicity of panisidine. : ell 

: гон 


5.2g AcIDS AND Bases CAN ALSO BE CLASSIFIED BY THEIR ABILITY 
to ACCEPT OR DONATE ELECTRON PAIRS 


The Bronsted—Lowry definition of proton donors and acceptors is sufficient for man 
applications. For some reactions, however, especially among intermediates of certain " 
actions, protons are not involved. For these situations, the concepts of Lewis acids and 
Lewis bases are more appropriate. i 
“A Levis acid is a substance that is an m pui асори апа a Lewis base is a sub- 
stance that is an electron-pair donor. Note that the Lewis concept of an acid encompasses 
the Brensted-Lowry definition because a proton, which has no electrons, is the Dein 
I 2 о acceptor. Similarly, substances that attract protons (bases by the 
ed defin: j 
ae ted aaan поп nas at least one unshared pair of electrons, so they satisfy the 
A Lewis acid is a species that lacks an octet of electrons and includes such com- 
pounds as boron trifluoride, ВЕ, and aluminum chloride, AlCls. Other substances like 
tin tetrachloride, SnCls, and iron(II) chloride, FeCls, accept an electron pair fill 
vacant d orbital. All of these substances react to form а new bond with стаи 
К : 5 molecules or ions 
that have an unshared pair of electrons. 
A specific example of a Lewis acid-base reaction is the interaction of ВЕз with di- 
ethyl ether. The product of this reaction is a substance known as boron «йот 
etherate, a distillable liquid. Ether is a liquid itself, but boron trifluoride is a gas. The 
фотошоп is quite stable and, when dissolved in another solvent, can dissociate to 
ee a small amoun tof BF; and diethyl ether. Many Lewis acids are stabilized by com- 
Р рекет еш a Lewis base, yet they dissociate to form the reactive Lewis acid in solu- 
tion. This situation is not unlike that of a substance like hydrogen chloride, which 
ionizes in water to form solvated protons and chloride ions. ' 


C;Hs А С.Н; 
BF; + © — pet 
EON 
с.н; F CHs 
Boron trifluoride Diethyl ether Boron trifluoride etherate 


Gas bp 35°C bp 126°C 


pK, value 


5.08 
1.00 


153 


154 


CHAPTER 5 Chemical Reactions and Mechanisms 


Any molecule with an atom that has an unshared pair of electrons, particularly 
oxygen and nitrogen is a Lewi Tt can and will react with substances that seek an 
éleciron pair to complete their valence shells, which are Lewis acids. 

EXAMPLE 5.5 


For the following Lewis acid-Lewis base reaction, draw the structural formula of the 
product: 


BH3 + (СНз)25 ——> 


— 


First, draw the Lewis structures for each of the reactants. A Lewis base reacts with a 
Lewis acid by donating a pair of electrons to the atom with a less-than filled shell. 
Boron, a group 13 (IIIA) element, is one of the elements that violates the octet rule: 
when it forms three bonds, it has only six electrons, which makes it a Lewis acid. After 
a bond has been formed between the electron pair donor atom, S, and the electron 
pair acceptor atom, B, we include formal charges on atoms in the product. 


H " H3C H3C H 
NU = \ TA 
= ~§; ———3À :S—B 
/ / f- NOH 
H H3C HC H 


EXERCISE 5.8 
For each of the following Lewis acid-Lewis base reactions, draw the structural formula 
of the product. Reaction (b) is en example in which a chlorine atom forms КУ] bonds. 
/ 
h. NT us VES Pá 
a. 4 +н- — 0” EN B. AIC, + CHCl; — x е} AÌ ` C) 
E : ` = e 


____ ———M— 


5.3 REACTION MECHANISMS 


5.3a THE MECHANISM OF AN ORGANIC REACTION 
15 A RATIONALIZATION OF THE ELECTRON MOVEMENT 
INVOLVED IN MAKING AND BREAKING COVALENT BONDS 


Formally, the mechanism of a chemical reaction is defined as the set of molecular 
events that results in the observed conversion of reactants to products. For many ap- 
plications, this pathway is indicated by a series of equations called “elementary steps”, 
the slowest of which is the rate-determining step. 

For reactions in organic chemistry, the term “mechanism” refers to how we rational- 
ize the movement of electrons during the conversion of reactants to products: A mechanism 
is depicted by use of curved arrows that show electron movement. For example, in the following 
substitution reaction, a bromide ion reacts with chloromethane, replacing chlorine. 


Amechanism for a 


substitution reaction E ГЕ Л 
ar EG: —— баң t G 
2 wa 5 H zt 

H H 


One curved arrowshows that the electrons of the bromide ion react with the carbon 
atom to form a new C-Br bond. The other curved arrow shows that the electrons in the 
C-Cl bond associate with Cl, which produces the chloride ion. The most important prin- 
ciple to remember when showing electron movement with use of curved arrows is this: 


5.3 Reaction Mechanisms 


In a polar reaction, the tail of the arrow starts 
at an electron pair and ends at a nucleus. 


5.3b THE PARTICIPANTS IN A POLAR REACTION ARE CALLED 
POLAR REACTION А 
THE NUCLEOPHILE AND THE ELECTROPHILE 


Ina polar reaction (Section 5.1c), which is the most common type in organic chemistry, re- 
actants carry either a positive or a negative charge, or they develop a charge as the reac- 
tion progresses. In the case of a positively charged species, one of the atoms is normall 

electron deficient, which means it lacks an octet of electrons in its valence shell. As a ie 
sult, this atom actively "seeks" electrons. Such a species is an electrophile and is said to b 

electrophilic (electron loving). A carbocation certainly fills this role, as does a proton Ht 
Some atoms, like boron and aluminum, lack eight valence electrons yet EN chan l 
They are also electrophilic. Some common electrophiles are listed in Table 5.7. = 


CH 
CH 2с! | 
E СН: —В 
CH; СНз 
tert-Butyi carbocation Trimethylborane 


The central carbon atom has The b ix eT 
entral › aS oron atom has 
only six e^ and is electrophilic. and is electrophilic. туце 


з Species that have an octet of electrons around each atom i 
tive charge. These species are called nucleophiles and are макыл: пис ЕН 
Evena neutral (noncharged) molecule with an electron pair or a t bond is nucleo hilic 
because it possesses a region with a high density of electrons. A nucleophile еа with 
an electrophile, providing the basis for a majority of reactions that you will learn. There- 
fore, understanding which species in organic reactions are nucleophilic or electro hili 
is extremely important. Common nucleophiles are also listed in Table 5.7 m 
Recognize that many substances listed as electrophiles in Table 5.7 have both elec- 
trophilic and nucleophilic centers as a result of having an atom with unshared electron 
pairs or because it has polar bonds. For example, the following species all contain a 
eteroatom with unshared electron pairs. In certain reactions, these groups can react 
Bee сорше, especially the ones that contain oxygen. Also, molecules such as alco- 
ols can have more than one electrophilic atom (C and H). Molecules that are o 1l 
neutral often have both nucleophilic and electrophilic atoms. ш 


st 
» H 
з Мыз aë 
i п iD n о Sulfur has an unshared pair of 
Bc. c i - electrons, but the +1 formal charge 
A “SN EN P makes the sulfur atom electrophilic. 


О ; 
n the other hand, species that carry a —1 charge are normally considered as nucle- 


ophiles, and those with a +1 char 
es, ge or that lack an octet of el i 
ME uide prie ec robs of electrons are electrophiles, 


ӧ+ 
MN 
z 


A Y 

ге of -1 makes each of these ions a nucleophile. 

es arbon atom in cyanide ion carries a formal charge 
‚ SO it is the more nucleophilic atom. 


An overall charge of +1 or an atom lacki 
cking an octet 
makes each of these species an анне, 
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Table 5.7 


reactions. 


___ ж MEME rr EM 


Substances with electrophilic centers Substances with nucleophilic centers 
General А General А 
form Example Species form Example Species 
H,0* . H,SO,inH;O Proton (acid) 7 Chloride ion 
x нӧ:- Hydroxide ion 
X i CH,— Br Alkyl halide снб: Methoxide ion 
Е: CH;— OH Alcohol “ICN: Cyanide ion 
= CH,—CHO Aldehyde e CH3—Li Organolithium 
i CH,—CO—CH, Ketone ZAM compound 
ll . : / CH,—MgBr Grignard 
mo CH,—CO-—CI Acid chloride reagent 
ч CH;—CO—OCH; Ester 
| , | 
| BH; Borane UNS. :N(CH3) Amine 
BN BF; Boron trifluoride 
ЕС l :P(CH3)s Phosphine 
Her PES 
n ci—so—cl Thionyl chloride 
p X / 
с=с Н,С==СН; т Bond 
>= / \ 
è 
X 
| PCI; Phosphorus —cec— HC=CH т Bond 
^R trichloride 
EXAMPLE 5.6 


Predict whether the following species are nucleophilic or electrophil 
comparison with the properties of th 


a. :Br* b. HS 


———M 


a. Species that bi 
sent, react mainly as electrophiles 
six electrons makes it more likely 


it an electrophile. 


b. First, draw a full Lewis structure 
pairs or formal charge 
effects (6+ or 8—), especi 


The sulfur atom bears a partial negative с 
polar, and it has two unshared electron pairs. 


Some electrophiles and nucleophiles com 


S are present, 


positive charge because of the polar bonds. 
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Chemical Reactions and Mechanisms 


ear an overall charge of +1, even if 
. In this species, 
that it seeks to add an electron 


87 


AM 


5* 


5+ 


e species shown in Table 5.7: 


monly encountered in chemical 


unshared electron pairs are pre- 
the fact that the Br atom has only 
pair, which makes 


for this molecule. Look to see if unshared electron 
and indicate the relative electronegativity 
ally if the molecule is neutral. 
harge because its bonds to hydrogen are 
The hydrogen atoms each have a partial 


lic (or both) by 


5.3 Reaction Mechanisms 


This molecule will likely have both electrophilic and nucleophilic properties, and its re- 
actions will depend on what species it reacts with. 


EXERCISE 5.9 


Predict whether the following species are nucleophilic or electrophilic (or both) by 
comparison with the properties of the species shown in Table 5.7: 


a. НС b. HCeC 


yo vadtophilc © 
нус lect Oph теор! . 


5.3c ELECTROPHILES AND NUCLEOPHILES (Lewis ACIDS AND LEWIS 
Bases) ARE INTEGRAL TO CHEMICAL REACTIONS 


‘As already noted (Section 5.3a), we depict mechanisms of polar reactions by showing 
electron movement with curved arrows: The tail of the arrow starts at an electron pair, 
which is most commonly either a x bond or an unshared pair on a heteroatom—in 
short, a nucleophile. The head of the arrow points to an atom—an electrophilic center, 
which is deficient in electrons. The species from which the reaction is initiated is always an 
electron pair. 

Consider the mechanism of the reaction between 2,3-dimethyl-2-butene and hy- 
drogen bromide, which yields 2-bromo-2,3-dimethylbutane as the product (an addition 
reaction, see Section 5.1b). 


H3C CH H.C CH 

\ / HBr : Е 
с=с > H F C—Br 

H3C CH; HC CH; 


2,3-Dimethyl-2-butene 2-Bromo-2,3-dimethylbutane 

The electrophile in this reaction is the proton of HBr, and the nucleophile is the л 
bond of the alkene (Table 5.7). According to formalisms for depicting movement of 
electrons, the tail of the arrow starts at the л bond, and the head of the arrow is di- 
rected at the proton. 


нс (7 HC CH 

SL 87 К 3 

Ll WB a ge с 
/ \ ato 


hope Br: 
H3C CH; нс CH; 


Several points to bear in mind: 


• When a new bond forms, опе or more bonds will likely be broken. In this ex- 
ample, formation of the bond between the carbon and hydrogen atoms requires 
that the bond between H and Br is broken, otherwise the hydrogen atom will 
have more than two electrons. Likewise, when the new C-H bond forms, the car- 
bon-carbon т bond breaks, otherwise one of the carbon atoms will have more 
than an octet of electrons. 


* When a bond breaks, the electrons in that bond often move onto an atom, creat- 
ing a new unshared pair. Bromine acquires the pair in this example to maintain 
its octet. It is helpful, at least initially, to show all of the unshared pairs on every 
atom of the reactants and products to make sure that the octet rule is not violated. 


d. NO; à 
E eyot 
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CHAPTER 5 Chemical Reactions and Mechanisms 


© When a neutral molecule reacts with a positively charged species, a cation is 
formed as an intermediate. For an organic molecule, that often means that a 
carbocation is formed. Make certain that charges on one side of the horizontal reaction 
arrow (or equilibrium arrows) balance with the charges on the other side. 


After movement of electrons to form the intermediate carbocation, as shown in the 
last equation, a new electrophile and a new nucleophile are formed. A second step 
then takes place, and electron movement occurs in the same fashion: The nucleophile 
reacts with the electrophile, so we draw the arrow from an electron pair on the bromide 


ion to the positively charged carbon atom. 


н.с CH; HC CH; 
u-t ЖУЗ uS e Heir 
—Cc— ‘Br: —C—C—Br: 

\ .. т РА \ e. 

нс CH; НС CH; 


The feature common to both steps just shown is that the nucleophile (a Lewis base) 
reacts with the electrophile (a Lewis acid), producing a new bond. Although a chemical 
transformation may comprise several steps, individual processes can often be concep- 
tualized as acid-base reactions. Because an acid is an electrophile and a base is a nu- 
cleophile, you want to be able to identify whether molecules, ions, and intermediates 


are either electrophiles or nucleophiles. 
Es 
EXAMPLE 5.7 
Identify the nucleophilic and electrophilic center(s) in each reactant of the following 
reaction. Using curved arrows, propose а possible first step for the reaction. 

нс 

нс “е + HBr ——> 
HC 


First, identify the nucleophilic and electrophilic sites in each reactant. It is helpful to add 
the unshared electrons to the expanded structures, as shown at left, because their pres- 
ence defines the nucleophilic centers. A proton attached to a heteroatom is the most com- 
mon and easily identified electrophilic site. For these reactants, the oxygen and bromine 
atoms are nucleophiles, and the proton attached to each is a possible electrophile. (The 
carbon atom attached to the oxygen atom is also electrophilic but protons are often more 
potent electrophiles, as you will learn.) 

What we definitely know about the first step of this reaction is that it will occur by 
movement of electrons from a nucleophile to an electrophile. We can conceive ofat 
least two possibilities with the assumption that the protons are the most likely elec- 
trophiles: (a) the oxygen atom reacts with the proton of HBr, or (b) the bromine atom 


reacts with the proton on the OH group. 


а. 


HC gt E 
E st -« NM 
ыс“ Ron POP KJ Sx LU 

нс H3C H 
b. 
R BE gt $* 87 T BG 
T T 1 => "——2 H—Br--H 
5 p 


НС H3C 


Caner 


5.4 Reaction Coordinate Diagrams 


{In this example, you were not asked to identify the more li ibili 

tually you will have to make such evaluations. hun GE ub. Morbi ; 
because it creates an acid that is weaker than HBr, whereas pathway (b.) ез EN id 
that is stronger than the starting alcohol. Recall from Section 5.2b that an add buen 
action is an equilibrium that favors formation of the weaker acid. The equilibrium in 
pathway (a.) lies toward the right, and the equilibrium of pathway (b.) lies far to th 
left. This example shows why it is important to know in which direction acid-b: i 
equilibria lie.] $i 


Identify the nucleophilic and electrophilic center(s) in each reactant of the followin 
reactions. Using curved arrows, propose a possible first step in each reaction. 


H,C—CCHJ + HE] — 


Face rd NO FN 
cá V Nw CN Visine electiophi. 


eielitophile o Leo korr: 


5.4 REACTION COORDINATE DIAGRAMS 


5.4a THE ENERGY PROFILE OF A REACTION PROVIDES ADDITIONAL 
INSIGHTS ABOUT THE FEASIBILITY OF A REACTION AND ITs RATE 


as t of S arrows to represent the mechanism of a reaction provides a way to 
га 2 EON at changes take place as reactants are converted to products. *Electron 
pus RE n E this exercise is sometimes called, is done with the assumption that the re 
action that has been written will occur, and í 
г г at a reasonable rate. But how а 
if a reaction will take place or ho tit wi i oo 
w fast it will be? Understandin i 

ction n g a transformation on 
the Lae of its а profile allows you to answer these two questions 

an example, consider the acid-base reacti 

п {ә , action be 

ES VL tween hydrogen sulfide, HS, 


HS + СМ” == HS. + HCN 


РК,=7.0 pK,=9.2 


a RA know something about this reaction based on information presented in 
ic d : The equilibrium lies to the side of the weaker acid, in this case toward HCN. 
se Propose a mechanism for this reaction because we know the nucleophile 
on, will react with the electrophile, the proton attached to sulfur in Н». | 


р 
H$—-H —:C=N: — HST essi 
17 HS: + H—C==N: 


In 1 
B ems the Course of this reaction can be visualized by thinking of the 
Ко imensional objects. We know that molecules are in motion because 
REM ee provided by the heat of their surroundings. As a result of their 
Eu un E. и another and with other substances like the solvent mol- 
BST. 50 e ask. Ín our illustration, cyanide ion must collide with the H9S 
sc А, e orientation for proton transfer to occur, and a favorable ap- 
coming together ide E ni а at the right. During stages A-C, the molecules are 
со which win ье ай кзы ш moving apart. Species D is called the tran- 
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A B c D E F G 


оо 9 M 8 +? 


Reactants Products 


Reaction coordinate 


Figure 5.1 
The reaction coordinate for HyS + CN" = HS- + НСМ. 


If we could film a movie of the reaction between these two molecules as it pro- 
ceeds, then species A to G amount to a series of snapshots taken at various stages be- 
tween where reactants exist (A) and where products have formed (G). If we now plot 
these points on a graph, as in Figure 5.1, we label the horizontal axis as the reaction co- 
ordinate, which we define as the progression of changes in the molecular structures as 
reactants are converted to products. 

The second variable, energy, is plotted on the vertical axis of an energy profile and 
shows how energy varies with progression along the reaction coordinate. If you con- 
sider the illustrated collision between molecules of cyanide ion and hydrogen sulfide, 
you will realize that even when they have the correct orientation to react, electrons surround- 
ing the carbon and sulfur atoms will tend to repel each other because of their like 
charges. Additionally, the magnitude of this repulsion increases as the molecules get 
closer together; so, for example, the repulsive forces will be greater for D than for B. 


Electrostatic repulsions Electrostatic repulsions 


At some point along the reaction coordinate, the repulsive energy reaches a max- 
imum, a point called the transition state. When this point is reached, the molecules must 
move away from each other to form products, or they may move apart to regenerate re- 
actants. Figure 5.2 plots the reaction coordinate versus energy for the reaction be- 
tween HoS and, CN’. 

Even though the transition state represents the maximum energy that must be 
overcome so that a particular process will occur, there are sometimes even higher en- 
ergy pathways that exist for the collision between reactants. For example, two mole- 
cules can collide without having the proper orientation to react. Because they simply 
bounce apart after the collision, they are not on the same reaction coordinate that 
leads to a viable reaction, so we can disregard them. 

The changes in energy between some of the states shown in Figure 5.2 are impor- 
tant quantities. The energy difference between that of reactants and the transition 
state is the free energy of activation, AG, and the magnitude of this quantity deter- 
mines how fast a reaction proceeds. The double dagger is a symbol that is always asso- 
ciated with the transition state, to differentiate it from other energy changes. A small 
value for AG! means that the energy barrier between reactants and products is low, so 
repulsive forces are small. In those instances, the reaction proceeds rapidly because 
there is sufficient energy available to counteract repulsive forces. Many acid-base re- 
actions, like the one exemplified above, have a small free energy of activation value. A 
large value for AG! means that the barrier is high, ара the reaction will be slow. In those 
cases, energy, usually in the form of heat, must beSupplied to overcome unfavorable in- 
teractions along the reaction pathway. The free energy of activation for a typical or- 
ganic reaction is 5-30 kcal mol. 


5.4 Reaction Coordinate Diagrams 


Transition state 


Energy 


Reactants 


Products 


Reaction coordinate 


The difference in energy between that of reactants and that of products when 
standard conditions are employed is called the standard Gibbs free energy change, 
АС, a quantity that was mentioned briefly in Section 3.3b. If the products have a lower 
energy than the reactants do, as is the case represented by Figure 5.2, then AG? is neg- 
ative. Such a reaction proceeds in the direction written (left to right), and it is said to 
be exergonic or product favored. On the other hand, if the energy of the products is 
higher than that of the reactants, then AG? is positive, and the process is said to be en- 
dergonic or reactant favored. [The terms exergonic and endergonic refer to the free en- 
ergy difference (AG?) between the reactants and products. You may be familiar from 
general chemistry with the terms exothermic and endothermic, which refer to the enthalpy 
difference (AE?) between reactants and products. Enthalpy is one contribution to the 
free energy, the other being the entropy, a term that refers to how ordered a system is.] 


Fast, exergonic reaction Slow, exergonic reaction 


AG* 


Energy 
Energy 


Reactants AG? 


Products 
Reactants 


Reaction coordinate Reaction coordinate 


а aaaaaaamaaaaaaeaasasasaeaeasasasasltl— 


EXERCISE 5.11 


Draw reaction coordinate diagrams for а slow, endergonic process and for a fast, en- 
dergonic process. 


nt 
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Figure 5.2 
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5.4b FREE ENERGY Is RELATED TO THE EQUILIBRIUM CONSTANT 


The correlation between the free energy change of a process and its equilibrium con- 
stant was mentioned already in Section 3.3b for the interconversion that takes place be- 
tween cyclohexane conformers. For a general chemical reaction aA + bB = cC + dD, in 
which more than one reactant or product is involved, the concentrations of A, B, C, 
and D are related to the equilibrium constant, Коа, by the expression 


C «tp 
Keq = BENE. m (5.15) 
[AJ EB] 
As we saw in Section 3.3b, AG? is related to Keq by the equation 
AG =-RT In Keq (5.16) 


where R= 1.986 cal - mol"! - K^! and Tis the temperature in Kelvins. The sign of АС? 
indicates whether the reaction is product favored under standard conditions, produc- 
ing C and D (AG? « 0), or whether it favors production of the reactants A and B (AG 
» 0). From Eq. 5.16, you can see that when AG? « 0, then Keq > 1, and when AG? > 0, 
then Keq < 1. 

If the initial concentrations of reactants are different from those that define stan- 
dard conditions, the following expression is employed for calculating the free energy 
change: 


[С]°[р]1% 


AG=AG°+RTInQ_ where = 
К i: [A]*(B]* 


(5.17) 


A consequence of this relationship is that the overall free energy, AG, can be al- 
tered by increasing the concentration of one or more of the reactants or products, 
which changes the magnitude of the second part of the expression on the right side 
of Eq. 5.17. Therefore, even though the equilibrium for a reaction might lie to the left 
under standard conditions (AG? » 0), it can be shifted to the right (АС < 0) by adding 
a large excess of one of the reactants А or B. This effect of concentration on the equi- 
librium is called Le Chatelier’s Principle. Increasing the concentration of A or B 
makes О smaller, so its logarithm also becomes negative and can cause AG to become 
negative. 


EXERCISE 5.12. 
Calculate the value of Keq for the following AG? values at 298 K: 
a. i30 kcalmol! b. -30kcalmol! с. -6.0 kcal тої! 


5.4c THE ENERGY PROFILE FOR A REACTION THAT PROCEEDS VIA 
FORMATION OF AN INTERMEDIATE HAS Two TRANSITION STATES 
Having looked at a onestep reaction between an acid and a base in Section 5.4a, we now 
consider a reaction that proceeds in two steps. As an illustration, we will use the example 
that was presented in Section 5.3c, the reaction between 2,3-dimethyl-2-butene and HBr. 


HC CH; H&C CH; 
N HBr 
2 ——3À H—C—C—Br 
НС CH; H3C CH; 


Recall that the mechanism for this transformation comprises two steps, which we rep- 
resent as follows: 


5.4 Reaction Coordinate Diagrams 
HC CH; H3C CH3 
wd OE / ie 
=C H—Br: =——= H—C—C+ Br: 
/ ao oY © / \ "U 
HC СНз HC CH3 
і Ш И Iv 
H3C CH HC CH 
MU саа vee ee у. 
um e :Br: = H—C—C—Br: 
ње CH; © HC CH; 
m Iv у 


For Step 1, we know that one of the carbon atoms of the carbocation has only six 
electrons, so it must be a fairly unstable species. We would predict that this equilibrium 
lies toward the left, where both compounds—the alkene and HBr—are stable species. 
Therefore, Keq < 1, and with use of Eq. 5.16, we can see that AG* > 0. Step 1 is therefore 
an endergonic process, which we represent by the reaction coordinate diagram in Fig- 
ure 5.3a. By contrast, the equilibrium of Step 2 must lie toward the right, toward the sta- 
ble product. The value for AG? is < 0, and the reaction coordinate diagram can be 
represented as in Figure 5.3b. 


a. Step © b. Step @ 


по + Iv 


AG’, 


Energy 
Energy 


Reaction coordinate Reaction coordinate 


For the overall reaction I + H = V, we can represent the energy profile with the plot 
shown in Figure 5.4. Because this transformation proceeds by way of a discrete inter- 
mediate, namely, carbocation Ш, the highest energy portions of the curve display a 
local minimum that corresponds to this intermediate. 


Intermediate 
ne (carbocation) 
J Nae? 


2 


Епегду 


Reactants 


Products 
таван рњ ку шыш 
Reaction coordinate 
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Figure 5.3 

Energy profiles for the two 

steps in the reaction of 2,3- 
dimethyl-2-butene and HBr. 


Figure 5.4 

An energy profile for the 
overall reaction of 2,3- 
dimethyl-2-butene and HBr. 


Figure 5.5 

Energy profiles for an 
uncatalyzed versus catalyzed 
reaction. (a.) A reaction in 
which the free energy of 
activation has been decreased 
by catalysis. (b.) А reaction in 
which the mechanism has 
been changed by catalysis; the 
free energy of activation has 
also been decreased. In both 
cases, the free energy of 
reaction, AG’, remains the 
same for the uncatalyzed and 
catalyzed mechanisms. 
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There is a large activation barrier for its formation (AG;*), but only a small one for its 
further reaction (AGs!). Notice that the free energy for this reaction, AG’ xn, is equal 
to the sum of AG?^; + AG’, (Fig. 5.4). 


eem ———-+— 


EXERCISE 5.13 


Without concerning yourself with the details of electron movement in the following re- 
action, draw a suitable energy-level diagram for this substitution process that proceeds 
via a free radical intermediate. The radical intermediate is a high-energy species (rxn 
is the abbreviation for reaction). | M 


CH, CH; 
© енн Led — eu + HCI 


CH; CH; 
Starting materials Intermediate 
CH; CH; 
© CH—C + Ch —> CH C—C + ci- AG xn < 0 
in, ls, 
Products 


nn 


5.4d CATALYSTS INCREASE REACTION RATES BY STABILIZING 
TRANSITION STATES 
When a reaction proceeds slowly, its rate can be increased in some cases by adding a 


catalyst. The most common catalysts are acids, bases, or metal-containing compounds. 
In theory, a catalyst can be recovered at the end of the reaction, but experimentally this 
procedure is sometimes troublesome. As illustrated by the diagram in Figure 5.5a, a cat- 
alyst can operate by stabilizing the transition state of a reaction, which lowers the free 
energy of activation and increases the rate of reaction. In many catalyzed reactions, the 
catalyst may also alter the mechanism of reaction, changing its energy profile more dra- 
matically, as illustrated in Figure 5.5b. The free energy of activation is lowered in these 
cases, too. In either case, AG’, the free energy of reaction, stays the same for both the un- 


catalyzed and catalyzed routes. 


Energy 


Energy 


Reactants Reactants 


Products Products 


Reaction coordinate Б coordinate 
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Catalyzed reactions are crucial for the success of many biochemical reactions, 
where conditions of temperature and pH are restricted. Catalysis is also important for 
industrial processes as a way to increase the rates of reactions, so they occur under 
milder conditions, or to provide selectivity that cannot be obtained otherwise. Cat- 
alyzed reactions can also be used to prevent waste, both of substrates and reagents. This 
application is related to the concept of “atom economy” (Section 15.5a). 


5.5 REACTIONS IN BIOLOGICAL SYSTEMS 


5.5a BIOCHEMICAL PROCESSES ARE CATALYZED ORGANIC REACTIONS 


Fundamentally, reactions that occur in biological systems are organic reactions. Bio- 
molecules contain carbon, hydrogen, nitrogen, oxygen, sulfur, and phosphorus atoms, 
so they certainly qualify as organic materials. In many instances, these molecules have 
greater mass and complexity than those normally encountered in an organic chemistry 
laboratory, but the fundamental reactions of the functional groups are the same. 
Therefore, everything that has been said about reactions of organic compounds applies 
to transformations that occur in biochemical systems: 


• Functional groups react principally by movement of electrons from nucleophilic 
groups react principally by шо == cieop 
centers to electrophilic atoms. 
e The acid-base reaction is a fundamental step that underlies reaction mechanisms. 


• The free energy difference between starting materials and products governs 
whether reactions will be product favored or reactant favored. 


* Catalysis occurs by decreasing the free energy of activation for the reaction. 


In living systems, catalysts are vital to increase reaction rates because of the exact- 
ing conditions of temperature (20-37°С), solvent (H20), and pH (usually 6-8) that 
must be satisfied. Most commonly, catalysts for biological reactions are enzymes, most 
of which are proteins with three-dimensional structures that are able to bring organic 
molecules together and stabilize the transition state structure of the reaction. The 
question is, How does catalysis occur? 

To fulfill one of the goals of this text, namely, to illustrate the parallels between bio- 
chemical transformations and the organic reactions performed in the laboratory, some 
rudimentary aspects of protein structures are presented here so that illustrations of im- 
portant biochemical processes will make better sense later. Section 5.5b outlines some 
basic aspects of protein structures in order to provide a foundation for understanding 
how enzymes work. 


5.5b PROTEINS COMPRISE A SEQUENCE OF &-AMINO ACIDS FOLDED 
INTO A SPECIFIC THREE-DIMENSIONAL SHAPE 
The building blocks for proteins are the 1-o-amino acids, which have an amino and a 


carboxylic acid group attached to the same carbon atom, as represented by the follow- 
ing general structure: 


the a-carbon atom is normally Ап exception is cysteine, in which the 


HN, -COOH For the amino acids that consti © the majority of proteins, the configuration of 
4% higher priority of the sulfur аёо фп the side chain makes the configuration (А). 


H R 


Ап a-amino acid Side chain (varies in structure among the amino acids) 


The Greek letter о. is a way to designate the relative relationship between two groups 
in a molecule, especially when one of them is a carbonyl group. The o-position is the 
atom adjacent to the carbonyl group, is the next position, and so on. Greek letters are 
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often used when referring to a general class of molecules without having to specify 
details about the remainder of the structure. For example, 


5 8 о а о с о (ө) о 
o a a 
AN AY v a AS 
OH OH 
B-chloro aldehydes a-hydroxy ketones 


The absolute configuration of the Q-amino acids used to construct the majority of 
proteins is normally specified using descriptors D and L instead of (R) and (S), mostly 
for historical reasons. We represent the general form of an L-amino acid by the follow- 
ing structure; its enantiomer is the D isomer. 


na їн; jns COOH 
м S^ H;N H 
HOCH;"f. CHO R ~f Cooh н“ ‘соон 2 
H H R R 
1-Glyceraldehyde An L-amino acid A р-атіпо acid An t-amino acid 


(Fischer projection) 


About 20 different R groups are common to thousands of proteins that exist in Nature. 
Some specific examples are illustrated below (and in Table 5.8). 


H 
NH NH NH А NH 
| 2 ноос | 2 | 2 j | 2 
„АС ~~ pe "e ~ C 
CH;" / COOH снг" 4 COOH CH;"4 COOH CH;"4 COOH 
H H H H 
L-Alanine L-Aspartic acid L-Phenylalanine L-Histidine 


b- Aapanke о. 


awiteh # ound ООо" fox 
EXERCIS | Ja Н ол) 


Draw the structural formulas of D-aspartic acid and D-phenylalanine. 


The amino and carboxylic acid groups of amino acids can react with each other to 
form an amide functional group, and this link between the two amino acids is called a 
peptide bond. A prefix is used to indicate how many amino acids constitute a polypep- 
tide. For example, a dipeptide (shown below) has two amino acids. (This word may be 
somewhat confusing because there is only one peptide bond.) Each amino acid is 
called a residue, so a dipeptide comprises two residues. 


Amino acid Amino acid 
1 2 
сеу 


Amide functional group— ү 


A dipeptide 


Peptide bond 


5.5 Reactions in Biochemical Systems 


A polypeptide, which means that many amino acids have been linked by peptide 
bonds, has an amino group at one end, which is called the N-terminus, and a carboxy 
group at the other end, which is the C-terminus. In general, molecules called polypep- 
tides are smaller than those referred to as proteins. 


T Ї AS i if Ru" 1 1 Nr 
2 “7 ммс хезм с “чс чм Сес MH 


/S& | I Š g 
H R H о HR ! |, if R | i 

N-Terminus A hexapeptide C-Terminus 

(amino end) (carboxy end) 
А 
EXAMPLE 5.8 


Draw the full structure of the dipeptide Asp-Glu, showing all of the atoms. 


_—-——-—-— 


A peptide sequence is normally written as a string of the one- or three-letter abbrevia- 
tions for the constituent amino acids. The first amino acid in the sequence (reading 
from left to right) is at the N-terminus (so it has the amino group, H9N-), and the last 
one defines the C-terminus (-COOH). In between, amide groups link the amino acids 
together. The general structures of a dipeptide and a tripeptide, including the stereo- 
chemistry of the chiral carbon atoms, are as follows: 


Amino acid 2 


Amino acid 1 Amino acid 2 Amino acid 1 | Amino acid 3 
1 pem == ar 1 
А о 
Peptide I ' Peptide 
ч bond HN OSC №. „соон bond 
COOH Б де СЕ 
Peptide bond “ R a i "i P 


The general structure of a dipeptide The general structure of a tripeptide 


To draw the dipeptide Asp-Glu, we look up the structures of the side chains for Asp and 
Glu (see Table 5.8), respectively, and replace the R groups from left to right with those 
structures. 


O — CH,CH,COOH 

HN, „С „© 

eee e coon «GIN 
4*. Н 
Н сн,соон 


| EXERCISE 5.15 
Draw the full structure of the following tripeptides, showing all of the atoms: 
a. His-Glu-Lys b. Val-Cys-Phe 


———————— 


. Proteins are polypeptides that fold into specific three-dimensional shapes, often 
with specific interior and exterior portions essential to their biological function. Myo- 
globin, for example, is the protein used to store Og in muscles. It is known as a “glob- 
ular protein" because it folds into a balike shape, as illustrated in Figure 5.6. Here the 
interior and exterior are readily apparent; the interior part holds an iron-containing 
heme molecule, where Og is bound. 
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Figure 5.6 

The three-dimensional 
structure of myoglobin, an 
oxygen-storage protein. The 
numbered dots represent the 
positions of the a-carbon 
atoms of the 153 amino acids 
that constitute the protein. 
The heme unit is shown as an 
ellipse. 
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Because proteins often function in an aqueous medium, the outside is normally hy- 
drophilic (water-loving) and the interior is hydrophobic (water-fearing), but there are 
plenty of exceptions. The sequence of side chains of the constituent amino acids helps 
define the specific properties of a protein and dictates how the protein folds to place 
the residues on the outside or inside. Table 5.8 shows a selection of some common 
amino acids with their names, one- and three-letter abbreviations, and some charac- 
teristics. We will describe these specific characteristics further in Section 5.5c and in 


Chapter 27. 


Table 5.8 Properties of the side chains for several amino acids present in proteins and 
enzymes." 
Side chain, R Name Abbreviations Characteristics 
HOOC—CH,— Aspartic acid Asp D The carboxylic acid group is acidic. 
HS—CH,— Cysteine Cys, С The thiol group is an excellent nucleophile. 
HOOC—CH,CH,— Glutamic acid Glu, E The carboxylic acid group is acidic. 
HN N T , А : , 
ie CH;— Histidine His, H The N atom is a good Lewis base; its 
^N protonated form is a weak acid. 
H;N— CH;CH;CH;CH,— Lysine Lys, K The amine group is a good base and a 
good nucleophile. J 
( уч- Рһепу!а!апїпе Phe,F Тһе benzene ring makes this a very 
hydrophobic group. 


wot у-њ- Tyrosine Tyr, Y The phenol proton is slightly acidic; the 


phenol ring can form a stabilized free 


radical. 
нс, 
Fon Valine Val, V The alkyl group is very hydrophobic. 
HC 
"The general form of the amino acid: 4 


в—4—с00н 
NH; 


5.5 Reactions in Biochemical Systems 


5.5c Enzymes OFTEN Use AciD AND BASE GROUPS 
TO CATALYZE REACTIONS 


As noted in Section 5.5a, most enzymes that catalyze reactions in biochemical systems 
are proteins. An enzyme normally interacts with functional groups of the substrate— 
the molecule undergoing reaction—by forming hydrogen bonds or by exploiting dis- 
persion and electrostatic forces (Table 2.5) to orient the reactant molecule and 
stabilize the transition state of the reaction. The active site of the enzyme—where the 
reaction actually takes place—often consists of two parts, the binding site and the cat- 
alytic site. 

Consider, for example, lysozyme, an enzyme that many organisms use to catalyze 
the rupture of bacterial cell walls. The workings of an enzyme’s active site are repre- 
sented by drawings like Figure 5.7. The screened color in these drawings depicts the pro- 
tein “backbone”, which consists of the amide groups (peptide bonds) as well as the 
a-carbon atoms to which the side chains of the constituent amino acids are attached. 
Most of the individual atoms are not shown in these representations, except those re- 
quired to bind the substrate or for catalysis. If the side chain of a particular amino acid 
is important, these side-chain atoms will be shown, but the rest of the amino acid will be 
symbolized by its three-letter abbreviation (and sometimes a number to signify its posi- 
tion in the protein starting from the N-terminus). Thus, Glugg-CHg-CH;-COOH sig- 
nifies that residue number 35 is glutamic acid. Because this side chain contains the 
carboxylic acid functional group that is crucial for catalyzing the reaction, its atoms are 
included. Drawings like this will be employed throughout this text to represent enzyme active sites 
and to conceptualize enzyme-catalyzed reactions. 


the substrate 


state and facilitate reaction. 


enzyme active site 


Figure 5.7 


A representation of the active site in lysozyme that ill indi 
ustrates bi 
de lysozym: es binding of the substrate molecule 


Polypeptide backbone of the protein creates the active site by 
*adopting a specific three-dimensional structure for binding 


eproviding amino acid side chains to stabilize the transition 


Hydrogen bonds: used to orient 
substrate properly within the 
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we know that several amino side chains 


Le doi p MUN, oe lecule near the catalytic amino acid 


provide hydrogen bonds to orient the substrate mo! 
residues, which are Glugs and Aspso. 


The following drawings depict the first step of the reaction being catalyzed, in 


hich the oxygen atom linking two of the carbohydrate rings a coe 
hon as highlighted in color) of the carboxylic acid side chain о = a | oe 
gen bonds that orient the substrate have been omitted from this picture , 


і initi hat occurs 
they are still present). This protonation of the oxygen atom is the nin n 2 й prs in 
dune the analogous reaction in. solution (below); only the identity of the acidic gr 


In the enzyme active site: 


In solution: 


nt steps i 
Rationalizations like this one can also be used to portray the subseque р 


1 11 as those of many 
reaction catalyzed by lysozyme, as we 
tions. A large part of research in enzymology seeks to un 
how enzyme catalysis occurs. 
molecules, you will recognize that as bonds are broke 


cules change in predictable ways. These same patterns apply in biochemistry. 


n the 


other enzymes and their reac- 
derstand, at the molecular level, 


As you learn chemical reactions that are typical for organic 
n, the structures of reacting mole- 


Chapter Summary 


Several types of catalytic mechanisms occur in biological systems. The most im- 
portant, and simplest, is acid-base catalysis, the type that occurs in lysozyme. Catalysis 
can also be promoted by metal ions, by orientation and proximity effects, by electro- 
static influences, and by formation of covalently bonded intermediates. In every in- 
stance, the enzyme brings the reactant molecules together and lowers the energy of the transition 
state. 

This text will focus on natural enzymecatalyzed processes to illustrate fundamental 
organic reactions in biology. A particular emphasis will be on reactions that occur in 
the metabolism of carbohydrates, fats, and amino acids because in converting these 
fuels to energy, living organisms demonstrate the classic processes of proton transfer, 
substitution, addition, elimination, oxidation, and reduction. A goal of this text is to 
help you acquire the background to understand biochemical processes. 


E 


Classify the following biochemical processes according to the fundamental reaction 
types of substitution, addition, or elimination. What molecules, atoms, or groups are 
lost, added, or substituted? 


a. 
H о H о 
сн,—с—сн,——5-—АСР — CH; — ce —s—ace Cli eri тоомо of уо 
бн 
The third step during the biosynthesis of fats in mammals; АСР = асу! carrier protein 
b. 


H 
| 

a id — рва 
OH 


The last step during the metabolism of sugars by certain microorganisms 


add hone O. 
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Section 5.1 General aspects of reactions 


* Achemical reaction is represented by an equation that shows reactants on the 
left side of an arrow pointing to products on the right. 


* Sequential reactions are indicated by numbering the reagents listed on the 
arrow. 


* The yield of a chemical reaction is the molar percentage of product that is iso- 
lated relative to the amount that could be produced. 


* Reactions can be classified by the type of changes that functional groups un- 
dergo or by the manner in which bonds are made or broken. 


Classification by functional group changes includes proton transfer, substitu- 
tion, addition, elimination, oxidation, reduction, and rearrangement. 


Classification according to the manner in which bonds are made or broken in- 
cludes polar, radical, and pericyclic reactions. 


CHAPTER SUMMARY 


АРЕНЕ ИРОНАУ O 
172 CHAPTERS ^ Chemical Reactions and Mechanisms IS 
Additional Exercises 
e An acid is a substance that donates a proton (Brensted-Lowry definition) or ac- Д 
cepts an electron pair (Lewis definition). Section 5.1а Section 5.2c . KEY TERMS 
i ; reactants Section 5.4b 
A base is a substance that accepts a proton or donates an electron pair. resonance effects L PE" 
. i ae HE products е Chatelier’s principle 
The negative logarithm of the equilibrium constant for proton dissociation catalyst себ 
from an acid in aqueous solution is defined as its pK, value. reagent : pid 5.24 Section 5.5a 
ка Р : inducti 
e The more positive an acid's pK, value, the weaker the acid. ve effect enzyme 
e An acid-base reaction is an equilibrium process that favors formation of the Section 5.1b Section 5.2g € 
weaker acid. proton-transfer reaction Lewis acid on 5.5b 
i ; а мү à ituti i : L-ocamin: i 
* The species formed after dissociation of a proton from an acid is called its con- substitution reaction Lewis base id o acids 
jugate base addition reaction pepuce bond 
| uw . elimination reaction Section 5.3a темпе 
• The conjugate base of a strong acid is a weak base and vice versa. rearrangement reaction mechaniens polypeptide 
» The relative strength of an acid is influenced by stabilization of the conjugate oxidation reaction rate determini [EDGE 
base by size, electronegativity, and/or electron delocalization effects. reduction reaction ining step C-terminus 
: Section 5.3b i 
Section 5.3 Reaction mechanisms Section 5.1c electrophile x оп 3:36 
i substra 
e Curved arrows that represent the movement of electrons portray the mecha- poar ы nucleophile active к 
nism of a reaction, which rationalizes how reactants are converted to products. saa уз 
А Е А а radical reaction А 
• Ina polar reaction, а nucleophile reacts with an electrophile to create a bond. homolysis Section 5.4a 
NE КӨ! кар В transiti 
• Anelectrophile is a Lewis acid. A nucleophile is a Lewis base. pericyclic reaction кене о 
: i : x coordinate 
• When electron movement in a polar reaction 1s shown with use of curved ar- fi x ai 
Е : $ : Secti ree energy of activation 
rows, the tail of the arrow starts at the nucleophile and its head points to the ection 5.2a exergonic, product 
electrophile. Brensted-Lowry acid favored. 
. Bronsted-Lowry base endergonic, reactant 
Section 5.4 Reaction coordinate diagrams conjugate base favored 
Р ; : ; Р conjugate acid 
e A reaction coordinate diagram correlates the progress of a chemical reaction pK, value 
with energy. 
• The increase in energy as reactants begin to be converted to products isa bar- 
rier to the reaction. The value of this increase is called the free energy of acti- 
vation 
. 5.17.  Classify each i ADDIT 
- ‚ i : of ; m IONAL 
e The local maximum on an energy curve 1s the transition state for that step. E e dun 2 pasen reactions as substitution, addition, elimination peered 
à : ; arrangement: ? ? 
© The energy difference between reactants and products is called the free energy | gement 
of reaction, AG’. If AG? < 0, the reaction is exergonic and proceeds from left to а. T 
right as written. If AG? » 0, the reaction is endergonic and proceeds from right С 
to left. СУ “ен,сн,сн, He Pa oe 


e A catalyst decreases the free energy of activation of a reaction by stabilizing the 
transition state, but it does not affect the free energy, АС, of the reaction. 


Section 5.5 Reactions in biological systems 

* Biological reactions are governed by the same principles as organic reactions. 

e Amino acids are the building blocks of proteins and enzymes. Amino acids are 
connected in proteins via amide functional groups, called peptide bonds. 

° A protein folds into a specific three-dimensional shape. An enzyme is a protein 
that catalyzes a chemical reaction, and folding creates an active site that can 
bind a substrate molecule (the reactant). 

e Anenzyme active site provides groups that can function in place of reagents that d 
would be used in a laboratory setting to Carry out a chemical reaction. Acidic i 


and basic groups are the most common of such groups. 
D + H о, 
ergy of activation for а particular ; 


о 
мм ДА = HO FN 
н < pw d 


• An enzyme serves to lower the free en 
transformation. 
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5.18. For the reactions shown in Exercise 5.17, what is the stoichiometry of each with re- 
spect to the different reactants? Which reactions are catalyzed? What are the catalysts? 


5.19. Write an equation for each of the following processes. Put any inorganic reagents, 
solvents, and reaction conditions on the arrow. Classify each of these processes as sub- 
stitution, elimination, addition, oxidation, reduction, or rearrangement. 

Hexanal reacts with NaBH, in 50% ethanol—water at 35°C to produce 1- 

hexanol. 

b. 3-Heptanone is treated with LiAIH,4 in ether at 0°C. After 2 h, the solution is 

treated with aqueous hydrochloric acid at room temperature to yield 3-heptanol. 

c. Benzenethiol and 1-iodopropane react at 25°C in DMSO solution containing 
triethylamine. The product is phenyl propyl sulfide, CH3CH2CHz-S-CeHs. 

d. 1-Pentanol is heated with aqueous КоСгоОз for 3 h to form pentanoic acid. 


a. 


5.20. Whatis the percent yield for each of the following reactions? 
[grams + formula weight = moles] 


a. 
SSH ae SA SCH 
2115/3 


8.339 Obtained: 15.99 


Ь. 
H 
2 
ig —— — € 
хә. 
3.389 Obtained: 3.16 9 


5.91. Classify each of the following species as an electrophile, nucleophile, both, or 


neither: 
а. Cl* b. OH- с. (CgHs) зР d. Br e. (СНз) зАІ 
£r g- (CH3)s8 h. CHs* i, CH7 j Limetal 


5.22. Within each group, circle the molecule with the greater base strength, which is 
mainly influenced by inductive effects for each molecule. Briefly explain the rea- 


sons for your choices. 


ш LET H;N 
NH, ie OL JE 
CF; CH; 
ы $ о 
[p VNB, СУ М “ин, 


uation, then indicate in which 


С. 
н CH; 


5.23. Identify the acid and base on each side of the eq 
direction each equilibrium lies. 


( NH + Ph—-C=C == {( NT + Ph—CeC—H 
о 


о 


а. 
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— "У 
P CHCOOH == | Р + CH;CH,COO- 
N + 
‘o> н, + CHCHQNH,CH,CH, == уњ + CH3CH,NHCH,CH 
2 2 3 


5.24. Draw a reacti i : 
E ih rehëc iò he ле азага for а one-step endergonic process. Label it 
actants, products, transition : 
rd standard free energy of reaction; , state, free energy of activation, 


5.25. Repeat Exercise 5.24 for a ep exergo: 
. two-sti i i i 
| К. р gonic process in which the first step is 


5.26. Wri i i i 
rite an equation showing the acid-base reaction between each of the follow. 


ing molecules and aqueous sodium h i i 
B ibia ier um hydroxide, NaOH. In which direction does the 


а. H;C—COOH b. B ж Й 
, | o 
X -»^ CL E MEP 
а NH Sou 


5.27. Within each grou indicate which compound i e most ac wi 
Я > sige 
idis. р. P: s thi st acidic and which is 


a. cl 
F 
COOH 
CY^ Су (yr ore Cy 


b. F 
ex о о 
F L у—соон соон [coon 


5.28. Writ i i i 
€ an equation showing the acid-base reaction between each of the follow- 


ing compounds and hyd: i i . 
an lie? ydrochloric acid, НСІ. In which direction does the equilib- 


а. Снн, b. c 
: d. 
o 


5.29. Re i i 
peat Exercise 5.28 with aqueous acetic acid in place of hydrochloric acid 


5. i 
30. Consider the following molecules: 
3-Pe i 
| ntanone 1,1,1-Trifluoroethane 3-Chlorobenzamide 4Chlorobutanol 
- Draw a structural formu mpoui nzam 
3 o la for each со: nd (Benzamide is CCGH5CONH?). 


. Assumi 
aH ur уон ess 2. base strong enough to remove the most acidic 
, identify which proton is most acidic, and give i i 
PK, value (to the nearest multiple of 5 is aident able? 51 ч меште 


Which i eui 
ich is the most acidic compound of the four? Which is the least acidic? 
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stant Keg = 1. What is the value of 


on has an equilibrium con: 
dinate diagram look like? 


? What will its reaction coor 
e structure of the side chain in its con- 


5.31. Suppose a reacti 
AG? for this process 


5.32. For aspartic and glutamic acids, draw th 
jugate base form. 


5.33. For each of the following reaction steps, suggest a possible first step (there may 
be more than one possibility for some) using arrows to illustrate the movement of 
electrons. Identify the electrophile and nucleophile in each reaction. 


b. 


a. 
OH 
u* 


Cu _ 
CH3 - 


5.34. The amino acids lysine and histidine normally function as bases in biological sys- 
tems. Draw the structure of the side chain of each in its conjugate acid form. What 
is the approximate pK, value for the conjugate acid form of the lysine side chain? 

identify those that have a functional 


о acids shown in Table 5.8, 
(а) an electrophile, (b) a nucle- 


5.35. For the amin! 
group in their side chains that can function as 


ophile, or (c) neither. 
es according to the fundamental reac- 


mination. What molecules, atoms, or 
can be described 


5.36. Classify the following biological process 
tion types of substitution, addition, or eli 
groups are lost, added, or substituted? Which of these reactions 


as an oxidation or reduction process? 


(У оо amm 
N coo —— N соо 


/\ | 
H H H 


a. 


The first step during the degradation of the amino acid proline. 


b. 
+ HO. + 
ue- H THO п Н 


coo” Coo 
The last step during the biosynthesis of the amino acid tyrosine. 
c. 
H о HOH O 
CoA CoA 
A Hey aces d 
H HH 


The second step during the metabolic cycle for degrading fats in animals. 
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SUBSTITUTION REACTIONS 
OF ALKYL HALIDES 


6.1 FUNDAMENTAL ASPECTS OF SUBSTITUTION REACTIONS 

6.2 THE Su1 REACTION OF ALKYL HALIDES 

6.3 THE Sy2 REACTION OF ALKYL HALIDES 

6.4 A COMPARISON OF THE 541 AND Sy2 MECHANISMS 
CHAPTER SUMMARY 


The substitution reaction is с 
onceptually one of the simplest i; i 
B] n i 
eve ide bend in the structure of the molecule. One оте of Mu EIE 
алеу prs cob — occurs when a nucleophile replaces шол s 
cti s can be used, notably alkyl halides, alcohols, ethers, е ides and 
age ‚ Even within this somewhat limited type of reaction how eei es 
BS. of alkyl wem M перет focuses on the nucleophilic йе оа 
ofa des, е next chapter (Chapt 1 1 ic 
Can reactions of alcohols and id c кыны шешне 
п : H H ` 
"m. s about a single reaction type, this chapter will build 
CLER ns aae characteristics of reactions that were described in Cha 8 т his 
e fst е Шаг introduces you to specific reactions, and your oals Gare 
s AMAN a of these reactions, and then to apply that Eales ян оша 
ae hen о н you have not explicitly encountered D EN 
й ! rmation, a summ: i i |, 
of this chapter, just before the Additional bee, a ic 


6.1 FUNDAME 
NTAL ASPEC 
SUBSTITUTION REACTIONS 


6.1 
a Г oo REPLACES A LEAVING GROUP 
B us UBSTITUTION REACTIONS OF ALKANE DERIVATIVES 
ls i ili 
ows four, typical, nucleophilic substitution reactions, which you might ini 
, mmni- 


tially consi 
sider to repr 
esent a rando i 
share P m collection of transformati : 
three common features, however. sformations, These reactions 


1. Each starti 
ng compound has a het 
Eon eroatom—a halogen or oxygen аб i 
ы: ©з p to carbon. TRUE o EE rs n a da 
aving р, and its capacity for replacement varies Landes Prom 


* in every case, the leavin: oup renders its attached carbon atom electrophilic 
Ty , g group 


making it suscepti i 

П s ptible to react with a nucleophile ). ісі 

E E group is attached to an sp?-hybridized carbon a М 
: nucleophilic reagent is the ‹ other reactant. Е 


n 
Figure 6. 1 
Representative examples of 
substitution reactions. 
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H / H 
CHsCHon ® CH," Nat Е) 
: oy as uc + NaCl (6.1) 
3 
CH; CH; 
CH3 CH3 
Hat оң —— сга + њо (6.2) 
CH3 CH3 
/ CH3)3N? + 
= H,C—CH2—N(CHa)s BrO 7153) 


H,C— CH — Br Se 


, 


/ 
Nal, 
— _Nal, acetone y ы + NaQSO,CHs (6.4) 


Simply put: Alkyl halides, alcohols, and their derivatives are the common substrates that un- 
dergo nucleophilic substitution reactions. Ethers and alkylsulfonium salts (R-*SR’2) reactin 


a similar fashion, and the latter are espe 
will learn in Chapter 7. 

The strength of the nucleophile 
nature of the solvent affects the overall reaction, to 


tails in turn as we study the nucleophilic substitution reactions of alkyl halides. 


cially important in biological systems, as you 


can vary substantially, and the temperature and 
o. We will examine each of these de- 


EXERCISE 6.1 
What is the nucleophile i 
places the leaving group-) 


n each of the Reactions 6.1-6.4? (Hint: It is the group that re- 


6.1b Соор LEAVING GROUPS ARE WEAK BASES 


The bond between а carbon atom and a heteroatom is a polar one, and the carbon 
atom normally bears a partial positive charge (section 9 9а), which means it is elec- 
trophilic. A nucleophile reacts readily with many types of electrophilic carbon atoms. 
(Recall from Section 5.3b that polar reactions occur between mucleophiles and electrophiles.) 


с э LS in z 
xX PORE d EUM + 1807 


The electron pair on the nucleophile, . leading to replacement of the leaving 
— py ХГ. Bromide ion is a good 


x7, is attracted to the electrophilic oup Br 
carbon atom... leaving group because it isa weak base. 


For a substitution to take place, however, the bond between the carbon atom and the 


heteroatom (the leaving group) has to 
is a weak base. The best leaving group’ 
which are the co 
spectively), and alkyl halides are among 


tion reactions. 


break. This only happens when the leaving group 
s are therefofe the halide ions, СГ Br, and Г, 


njugate bases of three of the strongest acids (HCl, HBr, and HI re- 
the best substrates for nucleophilic substitu- 


6.1 
Fundamental Aspects of Substitution Reactions 


6.141€  NucLEOPHILICITY DEPENDS ON FACTORS 
or BASICITY AND POLARIZABILITY 


е wd * корс ae end c Any number of anions (ions with a negative charge) 
‚ and common examples include hali y ide. 

i : exa alide, hyd i 
bend ache oxygen-containing anions derived from ALT uc 
ols (alkoxide and p enolate ions) are nucleophiles, and certai 4 

ре " nl А ча A ea i 
anae 2: nudeophs substitution reactions. ‘cess ile po odi 
e H ре 15 апа 22.) Table 6.1 lists some common ee is " B 
кы um сор es, that are used in substitution reactions. Many neutral molec 1 : 
CAN g à : хет ecd ee s atoms are also nucleophilic; these de те 
.].In 
M rd i present neutral molecules, the actual nucleophile is the 
Table 6. 
n т н : ad iri о deri кк nucleophilic substitution reac- 
start 1 ary alkyl bromide. In the reacti 

nucleophile with an alkyl bromide (entries 1-5), the inorganic atthe E 
on 


Table 6.1 i 
Common reagents used in organic chemistry for substitution 


reactions.” 
Reagent Ni i 
ucleophile Reagent Nucleophile Nucleophilic molecules 
geen 
HC Ж 
і а NaOPh^ PhO^ њо R 
a | 2 aN 
r Br KOAc* AcO™ ROH RaP 
HI x | 
l NaN; №7 NH; H;S 
М _ 2 
aOH OH NaCN CN^ RNH RS 
NaOCH: E i 
E CH,O NaSCH; CH;S^ R;NH R 
S 
NaOCH;CH; CH;CH,0~ LIAIH, H^ | 
KOC(CH3)3 (CH3,CO ^ 


ES __ |. —— 


a 

'In most cases, both 1 i 

act oth potassium and sodium salts of anionic nucleophiles 
"Phenyl, CgHs-=Ph. 

‘Acetate ion, СН;СОО = АсО”. 


Table i 
6.2 Representative nucleophilic substitution reactions 


Substrate Reagent Products Type of Molecule 
(1) CH,CH.CH,—Br + Nat 17 —> CH,CH,CH,—| + Nat Bro lodoalk 
Q) CH,CH.CH,—Br + K* ОН" —9 CHCH,CH;—OH + Kt Вг Alcoh m 
(з) CH,CHCH,—Br + Nat №7 —> CH3CH,CH,—N3 + Nat BrT Azid P 
(4) CH,CH,CH,—Br + Na* СМ — CH,CH;CH;—CN + Na* Br^ Nit B T 
(5) CH,CH,CH,—Br + Li* СН;57 ——> CH,CH,CH;— SCH; + Lit Bro ыл 
б) CH,CH,CH,—Br + NH, —> CH,CH,CH,—NH, Bro m : 
| CH,CH,CH,—Br + PPh; —> CH,CH,CH,—PPh, BrT с е 
4 P josphonium salt 
А с : al — (CHj,C— он + HBr Alcohol 
on OH — (CH;);C OCH; + HBr Ether 

3)3¢-—Br + PhSH — (CH3);C—SPh + HBr Thioether 
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is a bromide salt. When the nucleophile is neutral (entries 6-10), the product may or Table 6.3 А classification of i 
may not carry a charge, depending on whether or not a proton is lost. An amine salt is nucleophilici И е according to their basicity and 
a weak acid (entry. 6), so it normally retains its protons unless a stronger base like Р ity properties. 


NaOH is added after the reaction is complete. On the other hand, a protonated alco- Weak Base Moderate Ba 
hol (the initial product of reaction between the alkyl bromide and water, entry 8) isa p (M, conjugale add z5); (pK, conjugate ‘a 12 Strong Base 
strong acid, so it loses a proton under the reaction conditions to generate the neutral Poor Good жесин ск _ (ФК, conjugate acid >15) 
alcohol and HBr as products. nucleophile nucleophile NE С. (В Good Poor Good 
The reagents listed in Tables 6.1 and 6.2 are not equally nucleophilic. In fact, the Р nucleophile nucleophile nucleophile 
degree of nucleophilicity varies greatly and depends on several factors: HSO,- H,0 RCOO- те "- 
z 3 3)3CO ^ OHT 
• For a given atom type or within a period of the periodic table, nucleophilicity ee ROH! бю, R;N CNT LDA4 - 
parallels basicity; nucleophiles with a negative chargeare usually better nucle- HPO,” RCOOHSN _ "e 
ophiles than their neutral analogues. For example, "n Es 1 Ars "E 
2 = 
С9507 > он > CgHsO- > СНСОО" > H20 ROH? RSH in NH; 
Ethoxide ion Hydroxide ion Phenolate ion Acetate ion Water SN, NH; 
e For each group in the periodic table, nucleophilicity increases with increasing Ке RNH; Ch, 
atomic size (polarizability of the electrons) so that > Br > С > Е and HS > ce R.NH CH , m g —(@ = 
1950. This ordering depends on the solvent used, as you will see later. A smaller Br- á 2 ш 
jon is often more highly solvated, making it is less nucleophilic. ArO~ e 
E "a, 


e Steric effects can reduce the nucleophilicity of large species. For example, 
(CH3)sCO" (tertbutoxide ion) is more basic than CHCH207 (ethoxide ion), 


"Nucleophiles shown in color 


but ertbutoxide ion is a weaker nucleophile because its bulk prevents it from tae and 3° alcohols. participate in Sy? reactions (see Table 6.4). 
approaching an electrophilic center as readily. < alcohols. ~ ом = 
“Lithium diisopropylamide =LDA 
“From LiAIH,. i 
EXAMPLE 6.1 
Predict whether Е- or NHg is the better nucleophile, and explain the reasons for your ture is that the leaving group must be attached 3_hybridi 
choice. bon atom with four single bonds. to an sp?-hybridized carbon atom; that is, a car- 
A carbon atom that has idizati 
ee ee sf? hybridization can be classi 
carb es е classified by th 
А on доп to which it is bonded (Section 1.4a). A primary сабо ened ae 
Both N and F are period 2 elements, so the nucleophilicities of F- and NH should ne olher carbon atom, a secondary carbon atom to two oth n atom ìs attached 
parallel their base strer ngths. Their conjugate acids are HF and NHs, which have p К, on. Alkyl halides and alcohols can be classified likewise as eqs atoms, and so 
values of ~ 5 and 40, respectively (Table 5.1). Therefore, NH" is the stronger base, ondary (2°), or tertiary (3°) according to the type of carbon i { E bin i Sec 
m to which the halo- 


which means it should be more nucleophilic than F. gen atom or the OH group is attached. 


Brees Е Д H 
“EXERCISE 6.2 4] "E E «^ 
For each pair, predict which species is expected to be the better nucleophile, and ex- | те —C—C—OH att. EY E 
plain the reasons for your choice. H | | l à | | аш 
OH 
a. SH- or OH" b. P(CH3)3 or N(CH3)3 c. NH3 or H20 1 A primary (1°) Apri 
М ргітагу (1°) А o " 
alkyl bromide alcohol Бен i à pore 
Another important point about nucleophiles: Even though nucleophilicity paral- A benzylic halide is 
one th 
lels base strength for many species, an ion ог molecule.can.be a good nucleophile yet carbon atom adjacent to a кл А ара atom attached to ап sp-hybridized 
a weak base and vice versa. A(nucleophile is always(a Lewis base, so it is important to gen atom is bonded to an sf?-hybridiz 4 f ine allylic na ide is one in which the halo- 
consider both properties—basicity and nucleophilicity—when looking at their reac- that allylic and benzylic halides and " Ro n atom adjacent to a double bond. Notice 
tions. Table 6.3 summarizes the properties of some common nucleophiles, which can alcohols are also classified as 1°, 2°, or 3°. 
vary depending on the specific reaction conditions. 
H CH; СН. 
| " CH;—Br V | 
6.1d THe LEAVING GROUP Must BE ATTACHED TO с—с! ( t-on Yg 0н 
AN SP3-HYBRIDIZED CARBON ATOM | | ÁN Hime. 
For a nucleophilic substitution reaction to be successful, a nucleophile must be pre- A primary (1* H 
sent, and the substrate molecule must have a good leaving group. A third required fea- benzylic Picts Real Hit И | А ргїтагу (1°) А tertiary (3°) 
о allylic bromide allyli 
ylic alcohol 
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When the halogen atom is attached 
classified as vinyl or aryl. An aryl “alc 
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to a carbon atom. that has sj? hybridization, it is 
cohol” is a phenol, and a vinyl alcohol is unstable. 


Vinyl and aryl halides and phenols do not undergo nucleophilic substitution under normal 


conditions. 
а OH 
\ Sf No ouf 
Br OH С=С С=С 
/ \ / N 
A vinyl chloride A viny! alcohol 


An aryl bromide A phenol 
Normally unstable 


of hundreds of different alkyl 
limiting types of behavior. In one, the reaction rate is inde- 
ncentration. In the other, the reaction rate increases 
upon raising ihe concentration of either the substrate or the nucleophile. By defini- 
tion, the first mechanism is unimolecular (the reaction rate depends on the concen- 
tration of a single species), and the second one js bimolecular (the reaction rate is 


dependent on the concentration of two species). 
The structure of the alkyl halide has a significant effect on which mechanism is observed: 


If we were to survey the substitution reactions 


halides, we would find two 
pendent of the nucleophile co 


• Tertiary alkyl and many secondary, benzylic, and allylic halides react viaa 
ch the nucleophile concentration is immaterial. This process is an 


process in whi 
Syl reaction; Syl means substitution, mucleophilic, unimolecular. 


REB I AIC eer R—Y + X rate= kK[R—X] 
R = 3°, 2°, benzylic, allylic 
kyl halides (including, in many cases, 1° 


nucleophiles via а bimolecular process 
nucleophilic, bimolecular. 


e Methyl, primary, and many secondary al 
benzylic and allylic halides) react with 
| called ап Sp2 reaction; Sy2 stands for substitution, 


R—X + Y Ll R—Y tX rate = k[R—XIIY 1 
Rz methyl, 1°, 2° and some benzylic, allylic 


is not the only parameter that varies ac- 
ochemistry of each process also differs. 
of the Syl (Section 6.2) and the 52 


structure and reactivity are related. 


The molecularity of the reaction, however, 
cording to the alkyl halide structure. The stere 
Therefore, we will examine the detailed pathways 
(Section 6.3) mechanisms to see how 


Classify each of the following organobromides (1°, 2°, 3°; benzylic, etc.), and predict 
whether a substitution reaction will favor the Syl, Sn2, both, or neither pathway: 


Br 


a. CH,CH,CH;Br b. c. в 4 CHs-CH—CH, е 
pp CX | Ө. 
Br 
CH; 


REM Lic 


6.2 The Sy1 Reaction of Alkyl Halides 


6.2 THE 541 REACTION OF ALKYL HALIDES 


6.2a ue Sn? REACTION Is OFTEN A SOLVOLYSIS PROCESS THAT 
CEEDS VIA A CARBOCATION INTERMEDIATE 


If you studied chemical kineti i 
inetics previously, you та 
v ninin ! ру у recall that every reacti 
leg d (aa, through which some or all of the reactants üst р ae бы 
sos 28 
е Ue n oe step controls the overall css ben just 
wing through a series of pipes i iam e 
E pipes is regulated by the di 
E ne. Any step that occurs after the rds occurs at least at th : е 
s } elf, so it has no effect on the reaction rate ск 
n а nucleophilic substitution r i i 
eaction, two chan; Е 
fst atom 5 : ges occur: The bond 
E чог се leaving group is broken, and the bond between the e EM 
асы phile is created. If the rate of a transformation is independent ра 
айе бе оро» as it is for the Syl reaction, then the bond. e eid шг огыт 
т Y, H - J 
en Sue step, means that at least two separate ы 2 dud 
e curved-arrow formalism to depi ' 

а à ! | ерісі electron movement duri 
x d as outlined in Section 5.3c, we can portray the n ы: 5 E 
аа "à that is consistent with the kinetic data. In the first ste a on топ 
paeba P4 e n-bromide bond moves onto the more ойи абз ei 

A ociates as bromide ion and generates a carbocation intermedi с 

ediate. 


m Cs. slow step х4 
f Br: ———— C+ + вг 
© [ il 
In the first step, the leavi 
ep, t ng Thi 
group (bromide ion) dissociates тте алл 
ng with the electron pair. a planar Structire utn 
e. 


In the next . 
КЕ: carbon SER b iw due pair of the nucleophile reacts with the electron- 
ШЕ first step is rate peeks the product. Because dissociation of the bromide ion in 
BE tration. a£ ining, the overall rate is independent of the nucl i 
, a fact that has been determined and confirmed Eu i 


хх, :Nuc^ aË 
| fast step pone 


In the second step, the nu ї 
1 5 cleophile reacts wi 
the carbocation, generating a new bond. v 


The S 1 mecha ates wi ee cond 
N nism predomin: tes when three conditions are satisfied. 


1. The substrate molecu orm a relatively stable carbocation. Тег 1C, 
1 le can f ys le c t пагу, benzyl 
5 Я 


and allylic halides form th i 
nd ауе hali e most stable carbocations, and they are therefore the 


2. The nucleophile i 
phile is a weak base, often the sol i 
Я vent ion i i 
vent acts as the nucleophile is a solvolysis calc ЕУ 


- The solvent is i 
polar and protic, which m i i 
M ; which means that is has a relatively acidi 
ч соло m о acids). Because the Syl mno REC 
п ‹ ediate, polar solvents can stabili i ү 
ae | а ilize this charged i 
lm. pole Joteractions (Tabie 2.5). Furthermore, the mecs пор MER 
S ees ae керс by forming hydrogen bonds if the онер: is a 
Кыт fo gen bones сап form even before dissociation of the halide i i and 
rmation assists in the bond-breaking step. ies 
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fice, s 
НС 3 —Ó 
^o | 
/ 2 
R H "- 1 
\ =? 5 p 8- 
ЫС: MEN me au s 
RU ү pans ху 
E > 
R н ар H3C | СНз 
OZ C 
b н< СНз H 
сн, t | 
uc? = 


protic solvents can form hydrogen 
bonds to the leaving group to 
assist dissociation. interactions an 


Polar solvents can stabilize the carbocation by ion-dipole 
d the anion by forming hydrogen bonds. 


The nucleophile in a solvolysis reaction is uncharged, so the initial product formed by 
reaction of the carbocation with the solvent still carries a positive charge. In most in- 
stances, this initial product loses a proton to form 2 neutral product, as governed by the 
thermodynamics of the subsequent acid-base reaction. The following example illustrates 
the situation in which water is the nucleophile and a tertiary alkyl bromide is the substrate. 
In the first step. bromide ion dissociates to form the intermediate carbocation. 


HC HC 
H20, EtOH \ 
H,C—C--Br =====е C—CH, + Br 
/M 65°С 
HC @ HC 


ns on the oxygen atom of water reacts with the posi- 


Then, an unshared pair of electro 
n an initial adduct, а protonated alcohol. 


tively charged. center to form an і 


HC HC H 
\ + њо \ +/ 
ен, = HEO, 

@) / М 
нс н.с н 


Finally, a proton is removed by the solvent acting as а разве! to generate the alcohol 
product. The loss of а proton is actually a separate acid-base reaction that takes place after the 


substitution process is finished. 


HC нс 

+H њо \ x 
не—С—О5 ——— HC E 0H + њо 
HC H © нс 


Note that each of ће individual steps of the overall Syl reaction is an acid-base equi- 


librium. The carbocation is a Lewis acid in the first and second steps. 


EXAMPLE 6.2 
Propose a reasonable mechanism for the following solvolysis reaction, showing elec- 


tron movement with curved arrows: 
H,C CH 


HC CH 
КД \/ 


о 
c CH;COOH C ў 
СУ “вр EE, СУ "oce + HBr 
сн, 


——— 


6.2 The Sy1 Reaction of Alkyl Halides 


First, decide if the Syl mechanism is likely. Th T 

ing group) attached to a 3° (and renal) е mania RU 

namely, acetic acid. Reaction via the Syl mechanism is hi hi > ae isa protic one, 
The first step of the Syl mechanism is dissociation of Ше үө able: 

the electrons leaving with the bromide ion to form a н group, so we show 

the electron pair of the C-Br bond, and make certain the charges balar tart the arrow at 

equation. rges balance on each side of the 


Next, the solvent acts as the n. ile and i 

f ucleophile and interce w th 
ts the carbocati 

M ome р cation. We d: 

rrow from lectrons on one of the oxygen atoms to the carbocation c © Ше 

positive charge on each side of the equation. «те кошы. 


CH - H,C CH 
| p _—_—_——~ 3 \/ 3 
Ley y a 
© оз HOT Хен, @ | 
H 
Hc OT 


Because this is one of the first specific m: i 
A а 7 г echanisms that you have s 
M. espe d arise. One may be, Why did та А 
M rir caen o eact, and not the electrons on the OH group of acetic acid? Tn 
ees gam i e шук to draw all of the possible steps you can think of, ара 
Bienes barare оо most likely. This skill will come as you practice and learn 
C oe eis % many polar mechanisms. 
E or А не idi at the possible resonance forms for acetic acid, which a: 
xU ae ien nance form to the far right shows that the carbonyl оху еп at in 
hes anegative c ge (highlighted in color), so that oxygen atom is пу b B m 
icleophilic, than the OH oxygen atom. оте beste, hen 


:0: 
! 


i 

"Te —3 
“aN = ge 
HO CH; нб Sch, 


Returni ; 
B hich Po E mechanism of the exercise, the last step is an acid-base reacti 
NET. the ch ide ion removes a proton to generate the given produ action 
Charge call oe bud The left side of the equation has a plus a i sa 
arge = 0), and the ri i ; inus 
cules (overall charge = 0). right side of the equation has only neutral mole- 


Нс CH 
\/ нс CH, 
ex d b 
CI foe => “о | 
CH @) | + HBr 
HC ТО” c 
3 “x 
3 


You ma 
tiple 6.2. ае why we chose to move the electrons as we did in Step (3) of E 
e tect, orget the two main rules for drawing the curved а: th: i 
оп movement in a mechanism (Section 5.3a): лш 


• 
An arrow starts at a pair of electrons 


” { 
An arrow points to а nucleus = 
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Most mechanistic problems will provide you with the structures of the reactant(s), 
product(s), and reagent(s). When proposing a mechanism, you cannot supply reagents 
besides the ones given. As you work through each step, be aware of the final products 
that are formed. Knowing which bonds have to form or break and which atoms have to 
be added or removed will often give clues as to how to move the electrons. For Step 3 
of Example 6.2, this evaluation would be as follows: 


The electrons must eventually 
move to this oxygen atom to 
neutralize its positive charge. 


One of these bonds 
must go away. нс CH 
н.с CH з з 
з \/ Ы M 
~g ~O 4 HB 
EA : “ы” — [4 
o СО | 


» H 


"o 
H3C J О” N This proton must be 
A double bond has removed. 


to form here. 


EXERCISE 6.4 


Propose a reasonable mechanism for the following solvolysis reaction, showing elec- 
tron movement with curved arrows. 


CH CH; 


3 
+ - 
Cx CHOH A er + cHÓH, + Cl 


6.2b CARBOCATION FORMATION REQUIRES STABILIZATION 

BY DELOCALIZATION OR HYPERCONJUGATION 
Dissociation of a halide ion from an alkyl halide is only one way by which a carbocation 
can be generated. With only six electrons on its carbon atom, however, a carbocation 
forms only when it can be stabilized. Electron delocalization (resonance) is one effect 
with which you are already familiar, and it accounts for the stability of benzylic and al- 
lylic carbocations (Section 2.7). 


Benzylic halides 


cH, Свт ЕЕЕ 
‘or | 
. 
ён, ён, сн, CH; en 
a OOO 


| ET Allylic halides 
Qi Hem T ён He. „сн 
í А » 
ET н CHAP сш — te ~ 
h н н 


An oxygen atom (and other heteroatoms) also stabilizes a carbocation by resonance, as 
illustrated in the following scheme: 
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Saturated aliphatic carbocations lack л bonds and unshared electron pairs, so typ- 
ical resonance forms do not exist. In the case of a 3° alkyl halide such as tert-butyl bro- 
mide, formation of a carbocation leads to relief of strain inherent in the tetrahedral 


geometry. By forming a planar species (Section 2.5e), the methyl groups move farther 
apart and relieve the effects of electron repulsion. 


СНз CH3 
er“ » By losing Вг and adopting a planar 

„CBr 9 с structure, the carbon center is less 

CH; lonization iy hindered because the bulky groups 
CH; are farther apart. 

CH3 CH3 

ZR-C-R: 109° ZR-C-R: 120° 
(R= CH3) 


In relieving these repulsive forces, which are destabilizing, a higher energy species 
is actually formed because the central carbon atom of a carbocation has only six elec- 
trons. Carbocation formation can occur only in those systems that can provide other 
stabilizing forces. In other words, relief from steric strain (the electron-electron re- 
pulsion between the substituents) is not enough to promote carbocation formation. 

In saturated aliphatic systems, stabilization of a carbocation results from electron 
donation from alKyl group substituents. The methyl group, and to a lesser extent other 
alkyl groups, are considered to be electron donating because the additive effects (see 
Section 2.2a) of the carbon—hydrogen bond dipoles generate a dipole for the entire 
methyl group that is aligned with the sigma bond to the adjacent carbon atom. The 
negative end of this dipole points away from the methyl group; that is, the methyl 
group is donating electron density to the adjacent atom or group. 


H H 

N de №. 
ИС М ü 7 ~N 

H H 


Individual bond dipoles for 


The dipole for the methyl group resultin 
the carbon-hydrogen bonds. vidual b a 


from the sum of the individual bond dipoles. 


Stabilization of a carbocation also results from a phenomenon known as hyper- 


Sab known as hyper Hype com - 

conjugation, which is electron donation to the carbocation center that occurs by over- рл e9 "d amp 

lap between the vacant p orbital and an adjacent'a bond orbital, as shown below in (a.). PN 
ром 


РММ имә 


The sigma bond between carbon and hydrogen overlaps with the p orbital of the 
carbocation. Only one of the C-H bonds is aligned with the p orbital. The other 
two C-H bonds are staggered in their relationship to the p orbital. 


a H b 
H H* 
ner СНз СНз „CH3 
С С эъ "m. се“ Я › К c—c" 
H / CH; H CH; "Las / CH; 
H H H 


A "no-bond resonance form" 
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Using Lewis structures, we can represent hyperconjugation for the tert-butyl carboca- 
tion by drawing “no-bond resonance forms" as illustrated in the previous scheme in 
(b.). These unusual forms delocalize the positive charge onto a hydrogen atom of a 
neighboring methyl group. 

The tertbutyl.carbocation actually has three hyperconjugation contacts with which to 
stabilize the positive charge, as shown below in (a.). Generally, the more highly substituted 
the carbocation, the more stable it is. The tert-butyl carbocation has actually been isolated at 
low temperature and its structure determined using X-ray crystallographic methods. The 
ball-and-stick model of this structure constructed on the basis of the crystallographic 


data, shown below in (b.), reveals that the carbon atoms all lie in a plane. 


" à b. 
e 
B wi 
"mo my 
QU ccc 
H PA y 
С “н 
Р a 
нў Н 
Æ 
H 


EXERCISE 6.5 
Draw the three no-bond resonance forms for the tertbutyl carbocation that illustrate its 
stabilization by hyperconjugation. 


ч. Л 
H C—H 
| a7 
н—с—с e 
| 7 
Н ух 
н H 


Primary carbocations do not exist because they are not sufficiently stabilized by hy- 
perconjugation. А secondary carbocation can form in certain cases, depending on the 
amount of stabilization that it obtains from relieving steric congestion. Vinyl and 
phenyl carbocations are not stabilized as well as their aliphatic analogues because the 


effects of hyperconjugation are less significant, as illustrated below. 


60 та 
E Н 
+ H 4 + a = CH 
н dh H c^t | H сс” ? 
SM 
"C M 
DP i Au H CH; 


In the phenyl carbocation, the empty orbital is an sp?-hybrid orbital that points away from the 
center of the ring. Overlap of this empty orbital with the adjacent C-H sigma bond is not as 
good as the overlap in an aliphatic carbocation because the orbitals are splayed farther apart. 


6.2 The Sy1 Reaction of Alkyl Halides 


By summarizing the foregoing discussion, we can arrange the differen 

i i i Mn : t types of car- 
bocations on the basis of their stabilities as follows. An important aie of Шш: 
order is that primary, vinyl, and aryl halides do not undergo Syl reactions. 


3° benzylic, allylic > 3°~2° benzylic, allylic > 2°~1° benzylic, allylic >> 1° > methyl vinyl, phenyl 


decreasing stability of the carbocation Е 
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These types of carbon atoms (in color) 


do not form carbocations in most cases. 


Arrange the following carbocations in order from least to most stable. First, expand the 
structures to show all of the carbon and hydrogen atoms, at least in the vicinity of the 


charge. 
+ А + 
oN Ak 


6.2c THE HAMMOND POSTULATE PROVIDES INSIGHTS INTO 
THE TRANSITION STATES OF THE 61 REACTION 


With an understanding of the ways by which a carbocation is stabilized, we return to th 

Syl reaction. In Chapter 5, you learned that electron movement is not the onl ae 

convey information about reaction mechanisms; a reaction coordinate dia a “6 н 

оп cu CSS d provides additional insights. For the reaction between wise ed 
1 iodide ion, we can draw the reaction coordinate diagram shown in Fi 

rae са uses iodide ion as the nucleophile so that we do п have to be таз 
ut the additional acid-base reaction that occur when water is the nucleophile) 


a Carbocation intermediate 
že СНз 


> 
2 
2 
ui Reactant 
нс 
3 Y | нс 
aC — Br 
я нс! 
aC Product HC 


Reaction coordinate 


As with an 
бу E UM process, there are two steps: In Step 1, the carbocation is formed 
m Seciation of bromide ion. In the second step, iodide ion reacts with th 
{Не product. e carboca- 


Figure 6.2 

А reaction coordinate 
diagram for the Syl reaction 
between (CH3)3CBr and I. 
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Figure 6.3 

Reaction coordinate diagrams 
for each step of the Syl 
reaction between (CHs)s CBr 
and г. 
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H3C HaC 
C--Br == сн ж == C—1 
m r = — F aag = — ait 
"mc / i “cH, G Hic” 4 
HC HC 


We can depict the reaction coordinate for each step as in Figure 6.3. 


T cen ©З 

B af (2 € 

Ф Ф ҮГ 

с с А. 

шы ul 
HC 
mef 
HC 


Reaction coordinate 


Reaction coordinate 


er energy than that of the carbocation in- 
which has a finite lifetime, the transition 
For many reactions, we can only 


Each step has a transition state at high 
termediate. However, unlike a carbocation, 
state of each step is transient, so it cannot be observed. 
speculate as to its structure. In this instance, we can draw reasonable structures for 
points along the reaction coordinate of the first step, knowing that the bromide ion 
must eventually dissociate from the carbon atom. Thus, the bond must get longer and 
longer until it breaks. This exercise does not tell us which structure best represents the 


structure of the transition state, however. 


p <; 
~ter 06 вг Съ Br 
/ | 
Reactant Carbocation 
Reaction coordinate 
—> 


In 1955, George Hammond suggested that the structure ofa transition state should 
resemble the species to which it is closest in energy, a concept that has subsequently be- 
comé known as the. Hammond postulate. For a general endergonic process, shown in 
the following scheme in (a.), the transition state occurs late in the reaction and its struc- 
ture looks like that of the product. For a general exergonic process, shown in the fol- 
lowing scheme in (b.), the transition state occurs early during the reaction and its 
structure resembles that of the reactant. 

For the Syl reaction between iert- butyl bromide and iodide ion, the first step is en- 
dergonic, and the second step is exergonic. The Hammond postulate tells us that the 
first transition state will have a structure much like that of the carbocation, which is the 
product of the first step. Therefore, we expect that the C-Br bond will be long and 


6.2 The Syi Reaction of Alkyl Halides 


a. Endergonic reaction b. E Л . 
. Exergonic reaction 
eT state апай ЕСЕТ 
E 
a > 
3 Product р 
© Е Reactant 
uj 
Reactant 
Product 


Reaction coordinate Reaction coordinate 


m in the transition state, and the carbon atom will bear most of the positive charge 
The transition state of the second step will have a structure similar to its reacta: hi i 
is also the carbocation. adn 
bas now apply this insight to understand the relative rates of 541 reactions for 
E uty wes and isopropyl bromide. We already know that a tertiary carbocation 
stable than a secondary one, largely because of electr i 

опе, оп donation from the 

Lini dep and hyperconjugation (Section 6.2b). So the first steps in the Syl reac- 
пош reais penta and of isopropyl bromide can be represented by energy pro- 

e related to the stabilities of the carbocati issociati 
bromide ion, as pictured in Figure 6.4. MU SU MCA UE 


g 
G noiz + og 


Аб}. “н, 


go 


С—С 


Ёпегду 


CH 
-—-3 5 
M t Br 
CH; 


2А 


Reaction coordinate 


не ени postulate tells us that the first transition state in each of these Sy1 
will have a structure like that of the correspondi bocati 
way leading to the more stable ca i а ard 

y rbocation must also have a.lower fi i 
vation. Therefore, Syl i i iy Sain ed 
у , Syl reactions of tert-butyl bromide will occur £ 
isopropyl bromide because the free ene ivation i үтү уза =з 

l rgy of activation is less. Applyi i 
im r . Applying this same type 
R alysis to other EL of organohalide substrates allows us to Tank order the rs 
e Syl reactions of various compounds, which а i 
| гасі Я re summarized as follows. Noti 

that this ranking is the same order as that for carbocation stability. m 


3° р H i 0,29 i i 
enzylic, allylic > 3?- 2? benzylic, allylic > 2?- 1? benzylic, allylic >> 1° > methy!> vinyl, phenyl 


decreasing rate of reaction via the Sy1 mechanism 
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Figure 6.4 

Energy profiles for the 
dissociation of bromide ion 
from (CH3)3C-Br (black line) 
and from (CH3)9CH-Br 
(colored line). 


These types of organohalides (in color) 
do not undergo the 541 reaction. 
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EXERCISE 6.7 
Within each set of compounds, predict which molecule would react the fastest and the 
slowest in an Syl reaction. Explain the reasons for your choices briefly. 


a. 2-Bromoheptane 3-Bromo-3-methylhexane 2-Bromo-2-heptene 


oa С" 


62а А CARBOCATION CAN REARRANGE TO FORM 
А More STABLE CARBOCATION 


The Syl reaction is not the only process in which a carbocation can participate. In fact, 
a carbocation can react in at least three ways: 


1. Reaction with a Lewis base—this process is what occurs in the second step of the 
$41 reaction, as described in Section 6.2a. 
2. Elimination of a proton from a neighboring carbon atom to form a new п bond. 

Elimination reactions will be discussed in Chapter 8. 

3. Rearrangement to form a more stable carbocation. 

The Wagner-Meerwein rearrangement—a rather imprecise term for many reac- 
tio at involve a carbocation intermediate—was first recognized by Frank Whitmore 
in 1932. A specific example, the reaction of 2-bromo-3-methylbutane with aluminum 
tribromide, illustrates an occasion in which rearrangement predominates. 


Ay D Ал 


Вг 


2-Bromo-3-methylbutane 2-Bromo-2-methylbutane 


The first step is a Lewis acid-base reaction between the alkyl bromide and alu- 
minum tribromide. Recall that aluminum has only six electrons when bonded to three 
atoms, so many of its compounds are electron deficient, hence Lewis acids. Calculating 
formal charges for the adduct, we find that the bromine atom bears a positive charge, 
and the aluminum atom bears a negative charge. 


H Lewis acid H 
(CHCH, 1 „СНз ater, (CH,),CH. | „СНз 

M Vic s T 

‘Br: © :Br— AlBr, 


Lewis base 


This species can ionize in one of two ways. The first is simply a reverse of the initial 
step; the second possibility involves loss of the tetrabromoaluminate ion to form a sec- 
ondary carbocation. 


H 

снн. | pu (CH3), CH... а -hH _ 
ch ===> | AIBra 
%вг—Ав; © н 


6.2 The Sy1 Reaction of Alkyl Halides 


A hydrogen atom with its pair of electrons—a hydride ion —subsequently migrates 
from the neighboring carbon atom to generate a more stable tertiary carbocation. 


т" CH; \ 
Нз. at 
ane — were 

| © /\ 

H н H 
2° Carbocation 3° Carbocation 


This carbocation in turn reacts with the tetrabromoaluminate ion, which is a nucle- 
ophile, to yield the rearranged product after dissociation of aluminum tribromide in 
another acid-base reaction. 


CH; нус :Br—AlBrs 
ct 0] Aion \/ 
НС “с 5 = H ee 
(©) 3 
\ /\ 
H H 
нс. Br —AlBr; HaC ‘Br 
H pos aa HC CS Hs + ABB 
3 © 3 С 
\ /N 
H H H 


EXAMPLE 6.3 


Draw the structures of the substitution products of the following Sv} reaction. Thie 
products are formed by direct replacement of the leaving group as well as by re 
arrangement. Name each product. 


H 
(Н.С): С. di H20, CH,OH, A 
| 
CH, 


2-lodo-3,3-dimethylbutane 


In the first step, the iodide ion dissociates to produce a secondary carbocation. 


H 


H 

(ehe det „ Me - 
5 ü EH + I 
CH; CH3 


2° Carbocation 


This carbocation can react with water to form the protonated alcohol, which under- 
goes an acid-base reaction to produce the secondary alcohol by loss of a proton. Even 
though both water and methanol (the solvents) can react as nucleophiles, water isa 
better nucleophile and often is present at a higher concentration than methanol, so it 
reacts preferentially. (If we wanted methanol to react, We would leave out water.) This 
product is named 3,3-dimethyl-2-butanol. 


H : H H 
Uae + Hs (ОС И a ИЛЫ CO 


н oe ~on * њо“ 


ats c 
| PE / 
CH3 HC ^H © HC 


3,3-dimethyl-2-butanol 
(direct substitution product) 
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Ifa methyl group adjacent to the secondary carbocation center migrates, a more stable 
tertiary cation is formed. This example illustrates that groups other than hydride can 
change positions in order to generate a more stable carbocation. 


Rearrangement step 
CH; CH; 
Hac. | ч "m m 
+ methyl group ZN 
Bc. ай migration H3C с 
CH; нс Cs 
2° Carbocation 3° Carbocation 


This 3° carbocation (a Lewis acid) subsequently reacts with water (a Lewis base) in the 
same way that the secondary carbocation did, producing the te rtiary alcohol in this in- 
stance. The IUPAC name of the product is 2,3-dimethyl-2-butanol. 


H 
CH HC 
IN " "uns у EAS у 
H,0: ao > no: 
uc Сс" SER нас Nn DE Hic eH nyo* 
1 “сн /N H g \н 
HC C? HC CH, а B 


2,3-dimethyl-2-butanol 
(rearranged substitution product) 


es 


A question that naturally comes up is, When does rearrangement occur? Most 
often, а rearrangement process is recognized after the fact, when an unexpected compound 
is identified as a product of a substitution reaction. If we observe the formation of a 
rearranged product, we conclude that a carbocation intermediate formed and re- 
arranged, A priori, we can reasonably expect rearrangement any time that a carboca- 
tion is generated in which migration of a hydrogen atom or an alkyl group will produce 
а тоте stable carbocation. Thus, common instances are 99 23 3°, 2° — benzylic, and 3? 
— benzylic rearrangements. Because 1° carbocations are so high in energy, their for- 
mation, hence rearrangement, is less common. Some examples of carbocation re- 
arrangements are illustrated in Figure 6.5. 


EXERCISE 6.8 


What are the substitution products of the following Syl reaction, formed by direct re- 
placement of the leaving group as wellas by rearrangement? Name each of the products. 


Br 


-O CH;OH, H,0, А 
IET 
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CH; T 
+ hydride shift 
CH C7 CH CH тее А CH—C-CH—CH, 
| 


2° Carbocation 3° Carbocation 
CH; qh 
+ існу shift 
абе 2 снезе Efe Ene 
2? Carbocation 3° Carbocation 


CH; H 


i 1 

* hydride shift NE 

(уо с е, (уне — 
l | Figure 6.5 


Examples of carbocation 


3° Carbocation Benzylic carbocation intermediates that are likely to 
rearrange. 


6.2e THE Sy1 REACTION PRODUCES RACEMIC PRODUCTS 
FROM CHIRAL REACTANTS 


Ifyou carry outa nucleophilic substitution reaction under ideal 541 conditions startin 
with a chiral alkyl halide, you would find that the roduct is not optically active. The rea- 


son ата кек Vou remeniber that the structure ofthe carbocation inter 
mediate is planar, hence achiral. The nucleophile, iodide ion in the following example. 
can réact with the carbocation from either side of the plane defined by the substituents. 
There is an equal chance for reaction at each side, so two chiral products are generated, 


in a ratio of 1:1. This is a racemic mixture, which is not optically active. 


Br 
Nal in acetone CHCH 
См. ======= co s 
ЊС ү” CHCH; “(бул conditions) ? “ену Br 
CsHs 1 
Chiral Achiral 
50:50 chance for 
reaction above and 
below the plane I 
+ CHICH; E | enia 
Hacc Co бы Pee cata Ha 
Ce Hs НС \ " CH;CH; | vU 
__ C; Hs I 
(5) (В) 


Achiral Racemic mixture 
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If the stereochemistry of a product is the same as that of a chiral starting material, 
we say that the reaction proceeds with retention of configuration. When the mirror- 
image product of a chiral starting material is formed, the reaction is said to proceed 
with inversion of configuration. Ifa racemic mixture is obtained from a chiral reactant, 
the reaction occurs with racemization. The Sy1 reaction occurs with racemization. 


ae 


EXERCISE 6.9 


Draw the structures of the expected substitution products of the following reaction (they 
are stereoisomers). Water is the nucleophile and Br" is the leaving group. Clearly indicate 
the stereochemistry of each product, and assign the configuration of any stereocenters. 


CH; 


ъ АВГ 
CO CH,OH, H20, А 


6.3 THE Sy2 REACTION OF ALKYL HALIDES 


6.3a THE Su2 REACTION 15 A CONCERTED PROCESS 


Methyl primary, and some seer alkyl halides do not form stable carbocations, so 
their reactions with nucleophiles must proceed. by-a-mechanism other than Syl. The 
rates of these reactions vary with the concentration of both substrate and nucleophile, 
meaning that both reactants are involved in the rate-determining step. This type of 
process is an Sy2 reaction. 

Nucleophilic substitution reactions are polar processes and involve both. a nucle- 
ophile and an electrophile. An organic compound with a heteroatom has an elec- 
trophilic carbon atom, so a nucleophile is attracted to this carbon atom to initiate the 
substitution process. At some stage, the leaving group departs. = 


H H 
P EE LA / m 
л: DET ——3À —C., :Вт: 
I н” көн Br 
Nucleophile H H Leaving group 
Electrophile 


(carbon atom) 


As the new bond forms between the electrophilic carbon atom and the nucle- 
ophile, the carbon atom begins to gain additional electrons. If the new bond formed 
before the leaving group departed, then the carbon atom would have 10 electrons, which 
is improbable for a second-row element like carbon. Therefore, the process illustrated 
below cannot represent the mechanism. 


H H H 
d xc Ed | / А 
T we Br 30 eer c? ІС. + Br 
н" @ {у 9 у'н 
H H H H 


NO! 10 electrons on 
the carbon atom 


If the leaving group dissociates first—before the new bond forms—then the mecha- 
nism would be Syl, which is inconsistent with the kinetics results. Therefore, the leaving 
group must depart at the same time that the new bond is formed. When bond formation and 


bond breaking occur simultaneously, the process is concerted. 
2 Б 
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H H 
gO 87 | r 
sic н” XB ur mal — ET + Bri 
H H H H 


A reaction coordinate diagram for the Sy2 reaction is shown in Figure 6.6. Unlike 
the Syl mechanism, an Sy2 reaction does not generate a discrete intermediate. In- 
stead, the transition state is a five-coordinate species. Normally, five bonds to rn vi- 
olates the octet rule, but in this transition state, bonds from carbon to the leaving 
group and nucleophile are only partial bonds. When we show a transition state struc- 
ture in a mechanism, we place it within brackets with a double dagger superscript [ IE 
Thé overall charge (if any) is also included as a superscript. теч | 

The involvement of a five-coordinate transition state in the Sy2 reaction explains 
the relative rates observed for these transformations. When smaller substituents are at- 
tached to the carbon atom bearing the leaving group, fewer electrostatic repulsion 
forces occur in the transition state, so the free energy of activation is lower. A methyl 


halide should therefore react the fastest amon ossible substrates i i 
because it is the least hindered. um ко ашын 


methyl > 1° (including benzylic, allylic) > 2° (including benzylic, allylic) >> 3° (including benzylic, allylic) > vinyl, phenyl 


decreasing rate of reaction via the Sy2 mechanism 


> 


These types of organohalides (in color) 
do not undergo the Sy2 reaction. 


halides 
Tertiary alkyl halides do not react by an 542 i i i T 
N2 mechanism because steric ге ulsions tei — / 
among three alkyl groups, a nucléophile, and the leaving group would make me energy "MI i : nowded 
of e transition stat с e electrophilic carbon atom of a tertiary alkyl halide { ort SN i 
still attracts the nucleophile, but the nucleophile removes a hydrogen atom from the 
adjacent carbon atom, leading to elimination, as described in the Chapter 8. 
> Аг. апа vinyl halides also do flotreact by the Sy2 mechanism, but for a different j 
MU en the leaving group is attached to ап sp- hybridized carbon atom, so Sp* C ER mot as elah 
carbon-leaving group bond is stronger and the carbon i electrophilic. ph l 
(Ce 


Nucleophile is attracted to the Transiti 4 

m sition state: five- 
electrophilic carbon atom; С-Вг intermediate d 
bond weakens 


Energy 


Low ^t—Br 
/ 


E 


Reactants 


Products ————— 
Figure 6.6 


The energy profile of an Sy2 
reaction. 


Reaction coordinate 
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6.3b THE STEREOCHEMICAL COURSE OF AN Sn2 REACTION 
Is INVERSION OF CONFIGURATION 


Nearly 100 years ago, Paul Walden demonstrated that (+)-malic acid (2-hydroxy- 
butanedioic acid) could be converted to either (+) or (-)-chlorosuccinic acid (2- 
chlorobutanedioic acid) with different reagents. Although the absolute configuration 
of each substance was not known at the time, it was clear that one of these processes ос- 
curred by inversion of configuration at the stereocenter, and the other by retention. 

Not until 1923, and in the years following, did Joseph Kenyon and Henry Phillips 
carry outa series of investigations definitively showing that the stereochemistry of a chi- 
ral substrate is normally inverted during the course of an Sy reaction. 


нс CH; 
CH,—5r "Nd — СНз ATH + Br 
CH;CH; CH;CH; 
(R) (5) 


To commend Walden for his pioneering work on the stereochemical course of substi- 
tution reactions, we sometimes refer to the stereochemistry of an Sy2 reaction as 
Walden inversion. 


EXERCISE 6.10 


What is the major product for each of the following Sn2 reactions? In each instance, as- 
sign the absolute configuration (Ror S) of the chiral center in reactant and product. 
The solvents for these reactions are DMSO and acetone, respectively. Identify the nu- 
cleophile in each reaction. 


a. b. 
H c онт, DMSO 
> 


"ad 


Жо 
D 


6.3c SOLVENT ErrEcrs HAVE A PROFOUND INFLUENCE 
ON 542 REACTIONS 
When a nucleophile carries a negative charge, solvation of the anion can vary substan- 


tially with the polarity of the solvent. This degree of solvation influences the Sy2 reac- 
tion strongly because the rate depends on the nucleophile concentration. 

Certain combinations of nucleophile and solent ae seems e ЕТТ tion. 
For example, reactions with sodium iodide are nearly always done in acetone because Nal 
is soluble in it. In contrast, both sodium chloride and sodium bromide are essentially in- 
soluble in acetone, so conversion of a chloro- or bromoalkane to an iodoalkane ee 
Finkelstein reaction) is readil driven recipitation of sodium chloride (or sodium bro- 
mide), shifting the equilibrium toward the right in the following equation. 


acetone 


pps + Nal our + Мас 


Soluble Insoluble 


Sodium chloride and sodium bromide are insoluble in many other solvents, too. 
Anjonic nuch iles, which are common reagents in Sn2 reactions, require а 
polar solvent to dissolve them. So let us suppose that you want to carry out an Sy re- 


apoiar oer Te 
action in which you intend to replace а bromide ion by an iodide ion. Solid Nal is first 


added to a solvent. If a moderately olar solvent is used, the substance may dissolve to a 


6.3 The Sy2 Reaction of Alkyl Halides 


certain extent, but remain as an ion pair, which means that the ions remain associated with 
each other. This ion-ion attraction between the sodium cation and the iodide anion will 


mask the nucleophilicity of I-. If a оза Тат solvent is used, then the individual ions will 


r 
t. 


be separated, and interactions with the solvent will then become importan! 


4. solvent + = + 
Nai) ——— Маз! (solvated) ————> Ма (solvated) V (solvated) 


lon pair Solvated ions 


If the solvent is protic—methanol, for example—then the compound will dissolve well, but 
the nucleophile will engage in significant hydrogen-bond formation, as illustrated below. 


Protic solvent 


The sodium ion will interact with the solvent via 
ion-dipole interactions. 


Substitution reaction 
will be slowed 


) In a protic solvent, a nucleo) hile will engage in forming hydrogen 

& hese electrostatic interactions will lower its nucleopni icity. 
Because the rate of an Sy2 reaction depends on the concentration 
of the nucleophile, these types of solvent effects will slow the 
reaction significantly. 


The effect of forming hydrogen bonds will lower the nucleophilicity of the reactant (io- 
dide ion in this case), which will im ede the substituti ion. 


if the solvent is aprotic and polar, then the compound will dissolve well because the 
sodium ion will be solvated, and the nucleophile will be reactive because itis separated 


from its counterion. The iodide ion will also interact with the solvent via ion—dipole 
forces, but these are less si; nificant than hydrogen bonds are. Furthermore, the posi- 
tive end of the dipole is often shielded by substituents in the solvent molecule. In an 


aprotic solvent, therefore, the nucleophile will be highly reactive, and the substitution 
reaction will be facile. 


Polar, aprotic solvent 


нс. pen 
e 
I: 
Hs ‚2з 
57, on $ 
Varo Nay Ca + ВГ 
HC Os: CH; 
k 
H,C “Сн; 


In a polar, aprotic solvent, the cation portion of the reagent will be stabilized by ion- 
dipole interactions with the solvent, but the nucleophile will not form hydrogen 
bonds with the solvent. The normal ion-ion attraction between the cation and anion 
will therefore be broken up, which will make the nucleophile seem as if it has a 
greater charge or higher concentration. This effect will enhance the rate of the 
substitution process. 
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a 


Protic solvents : 
Acetic acid tert-Buty! alcohol Ethanol Isopropanol Methanol Water 
(AcOH) (t-BuOH) (EtOH) (iPrOH) (MeOH) 
o HC HC 
i не \ 
„©. 3C —C—0OH CH,CH,OH CH— OH CHOH H;O 
H3C OH / vA 
HC H3C 
Polar, aprotic solvents 
Acetone Acetonitrile Dimethoxyethane Dimethylformamide 
(MeCN) (DME) (DMF) 
о о 
l CH H i 
H4C— CEN H4CO— CH;—CH;—OC 
нс“ “сну ? 3 кеу > (Сн ^H 
Dimethylsulfoxide Ether Pyridine Tetrahydrofuran 
(DMSO) (Et;O) (Py) (THF) 
о 
О. Б 
| CH,CH/ó"CH;CH; | L) 
нс CH, NA o 
Nonpolar solvents 
Benzene Chloroform Dichloromethane Ethyl acetate Hexane 
(PhH) (methylene chloride) (EtOAc) 
Figure 6-7 сна сн 1 CH;(CH,),CH 
Names and abbreviations for 3 20 c sc an 3 


the solvents commonly used Hc “ов 


in chemical reactions. 


For this reason, many Sy2 reactions are carried out in polar, aprotic solvents, the struc- 
tures of which are illustrated in Figure 6.7, along with protic and nonpolar solvents 
commonly used in chemical reactions. Tetrahydrofuran (THF) is an especially good 
solvent for lithium salts of nucleophiles. 


6.3d AMMONIA AND Amines REACT VIA THE Su2 PATHWAY, BUT 
A Mixture OF PRODUCTS Is OFTEN OBTAINED 
Sy2 ipaction commonly makes use of an anionic nucleophile and yields a neutral 
product. When ammonia or an amine 1s used as the nucleophile, however, the product 
is charged. Hydroxide ion is added in a second step to facilitate isolation of the neutr 
organic product. 


ано З - И Е 
Мм {CH3),NH ММ 3 — 0H Ммм З 
Вг ————— N Bro“ ——»5 N 
deo) ме MEL. 
H CH; 


A complication, however, is that ammonia and amines are bases themselves, so the 
deprotonation step, shown above as a separate step, Can occur even as the reaction 
proceeds. : 


6.3 The 542 Reaction of Alkyl Halides 


CaN 


x 
CH,—CH,—Br + МН, — —  CH,—CH,—NH, Br- 
QU 
Bromoethane Aminoethane hydrobromide 


un ——... Acid-base reaction 
CH,—CH;—NH, Br + “NH, <=> CH,—CH;,—NH, + NH, Br- 
Initial product: an amine salt 


The product of the acid-base reaction (la), aminoethane, is a better nucleophile than 


ammonia, because aminoethane is more basi Th 

: asic (Section 5.2e) e i i 
See wi - : : 2e). refore, it begin: 
compete with ammonia for reaction with the alkyl halide. gm to 


аб 


CH Mir E | 
5—CH,—Br + CH,—CH,—NH, Gg CH,—CH,—NI-CH,—CH, Bro 
3 
Bromoethane Aminoethane H 


Diethylamine hydrobromide 


Diethylami А 1 i р uc 1S SE u € - 
ine, which is the product of this second substitution step (after d protona 
tion b: ammonia; step not shown) is even more basi eitne thane or am- 
sic than either amin 
yl ое 
тоша (Section 5.2e). As its concentration increases; 1t a. LOT 


reaction with the alkyl halide. The r i i 
cacti . esult is a mixture of produ ich i 
alky ‹ cts, - 
rized in the following equation. Even under the Gandia given Mini uenis 


cess of ammonia, a substantial i күүс b у 
¢ t Я amount of d i i 
od iethylamine (and even some triethylamine) 
1. чыча excess of NH; CH; —CH,—NH; (34%) 
сн, cH Br in EtOH—H;O 
2 2. NaOH (to neutralize > (єн,—сн,—),н (57%) 
Bromoethane the amine salt) 


(CH,—CH;—)N (1%) 


The point is this: i 
nt is this: The preparation of a pure pri amine is difficult to accom: 


plish using a substitution 1 
reaction between an alkyl һай i 
true for the reaction of a primary amine wit ina DE 


h an alkyl h; 
= > yl halide, which produces а mi: 
ndary and tertiary amines. However, a seconda. ine ге, 5 to.form шыу 
ry ry уа 


terti. amine. T' i i W, 
ary . The latter is hindered enough that a further reaction is slow, and a ter: 
, - 


tiary amifie is fess basic (Secti 
ection 5, ili 
(Table 6.5). 2e), hence less nucleophilic, than a secondary amine 
С.Н; then NaOH ї trali: 
l 
* RO + H—N: the HCI that is formed ix a oo 
— N (7096) 
CH; Сн 
5 
Diethylamine The sterically hindered nitrogen atom 
GUT isa weaker nucleophile than is-the 
nigrogeh tomi m aiethylamine. 


A tertiary amine inci 
, as the principal reacta i 
i e pal reactant, can function as a nucleophile to fi 
TN M tern salt. In the majority of cases, this нея 15 ао 
Co Е ae as ке because methyl iodide is the only alkyl halide 
nitrogen ae gh with the weakly nucleophilic 3° amine. In the product, the 


n full 
nucleophilic. у alkylated. It has no unshared electron pair and is no longer 
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CHAPTER 6 Substitution Reactions of Alkyl Halides 


CH; 
\ CH 
NC C 


N 
/ CH; / CH; 
cH, + Сну — CH; 1 (97%) 


N,N-Dimethylbenzylamine Benzyltrimethylammonium iodide 
A 3° amine No unshared electron pair on the nitrogen atom 


MEME EE 


EXERCISE 6.11 


The following reaction yields two products. Draw their structures. 


1. 1 equiv of CH,CH;CH;NH; 


aS Su че Br 
2. NaOH 


ce C 


A practical substitution reaction that makes use of an amine nucleophile is the cy- 
dizaüon of a haloalkyl amine. As with most ringforming processes, ТЄЄ to six- 


membered rings can be ma e, but the four-membered ring is formed extremely slowly. 
Cyclization is favored by having a dilute solution of the aminoalkyl halide so that in- 


termolecular substitution is disfavored. (Remember that the rate of an 542 reaction is 
dilute solution, the rate of reac- 


proportional to the concent 
tion between an amine grou! end of a second mole- 
cule is therefore slow.) 


ration of each reactant. In 
p on one molecule and the halide 


„—Н 
Ring size Rate constant 
3 0.036 
H CH 
" МУ Е 4 0.0005 
вгсн, (СН), СН: NH 7 AS (сна), Br oi 
H CH; Е 30. 
6 0.5 
7 0.001 
„——— 


The haloalkylamine starting material is often prepared in its protonated (conju- 


gate acid) form. Hydroxide ion is then added to deprotonate the nitrogen atom, un- 
veiling the unshared pair of electrons. Ring formation involves an Sy2ike transition 
state and occurs with nucleophilic displacement of the halide ion by the nitrogen atom. 
H H 
H X bi 


А dihaloalkane, when treated with a primary amine, also 


cyclic product, especially if a five- or six-membered ring is being formed. 


Br. H,C—NH. + _ 
we SS? Cine + O2CH,NH, Br 


>3 equiv 


ee 


EXERCISE 6.12 
Propose steps for the mechanism of the cyclization reaction directly 
d arrows. Number each step. 


tron movement using curve: 


yields the corresponding 


above. Show elec 


6.4 i 
A Comparison of the 541 and Sy2 Mechanisms 


6.4 А COMPARISON OF THE Sy1 AND Sy2 MECHANISMS 


In this chapt 
pter, you have learned that nucleophilic substitution reactions of alkyl 
alky 


halides occur readily. The f 
. eatures requi 
the presence of quired by the reactants of these reactions include 


* Agood leaving group, which i 

iis T s a weak base (CF, Вг", > 
e An sp?-hybridized carbon atom bonded to the еги, Lu MM 
* Anucleophile (Lewis base). ibd 


You have also learned two c 
ommon mechanisms: 
E com isms: Syl and i 
ра p о the limiting mechanisms that pm ИГ E 
аса : ж vide of these two categories, however. Without Eollecti ues 
енини e er the rate law of a reaction is unimolecular or bim ee аме 
im e н other information to decide which mechanism is о i lacie 
ле шр st criteria that we can use to decide on the аа а. ituti 
pen е structure of the alkyl halide and the type of nucl hile чан 
acion, A summary of these data 15 given in Table se aia 
ucleophil i ч di 
n н Ше 2 Ne cla “то or good and are further categorized by their 
es à P are poor do not react a i in ei 
Nes ма, mechanism, so they are not included in Table 6. E For PEE de 
a anisms are possible, but only th Пе m ncsorimhe 
] sible, nly the nucleo i гїп the 
weak base category of Table 6.3 react with methyl and т p EE ERES inthe 
. Secondary. 


and tertiary substrates 
r can form carbocation: i 
ceophiles vg te(Swlynechanism 5, 50 they react with good, weak base nu- 


Table 6.4 Asumm 
ary of the expected reactivity patterns for the nucleophilic substitutio 
n 


reactions of alkyl halides. 


BERT. o. ———————————————— — ü—À: 


Substrate stri 
ucture Pup АК Weak base, Moderate base, 
cation good nucleophile? good nucleophile* Nu su ^ 
- phile 
CH,—X к Methyl 542° 5м2 
RCH,—X ' | 
z 1° Sy2? 542 S 
R,CH—X н 
2° 
m EXE S24 elim Prati ы 
3° 
541° i» end 
А . * е elitm mand Мә 
enzylic 51, 5322 
(€ 2° benzylic Е Syl? wa = 
3° benzylic 541“ гё e 
e 
Йй Fa 1? allylic 541“, 542° 
С 2° allylic DI m ud 
N 3? allylic 541“ а : 
e 


( )—х А! ri n or tion Nor n 
| А 
Ty! No reactio No reacti eactio 


A 
Alkenyl N " 
(vinyl) о reaction No reaction e 


$ See Table 6.3. 


hese г 
‹ esults are f 
Thes е for the nucleophiles in thi 
4 44,65€ results are for all nucleo philes in this category that are shown in color; otherwise, no reacti 
d > on. 


ea Пее substrat E i 
TUER Brice may also give elimination products (see Chapter 8 
give only elimination products if they react ies Cha ter 8) 
pter 8). 


philes in this category except RgP, which do not enerally react with 3? alkyl halides. 
g J not gi al 


203 


204 


via th mechanism, formation of a mixture of 
ucts, elimination, or no reaction. Aryl and alkenyl substrates 

substrates undergo thyl and primary alkyl halides undergo 
substitution exclusively. Secondary su 
if the nucleophile is a strong base. 


CHAPTER 6 Substitution Reactions of Alkyl Halides 


nucleophiles; there are four possible results: substitution 
substitution and elimination prod- 


do not react atall. Tertiary 


ул коой moderate base 


solely, while тегу! 
strates can give a mixture of pro 


ducts, especially 


Notice that secondary substrates can participate in Syl, Sn2, and elimination 
processes. To decide whether the Sul or 532 mechanism predominates for a 2? sub- 
strate, we can sometimes consider another feature that differentiates the two mecha- 
nisms—the stereochemical outcome of the reaction when a chiral alkyl halide is 
employed as the reactant. These results are summarized in Figure 6.8. 


S, 
R’ R R’ 
Rae Ra t # AR 
Еа Мис "Смс + масс 
(R" or Н) (R" or H) (R" or H) 
MG substrate РЕ 
Racemization 
3° substrate 
Suz 
R' R' 
Rak d AR 
AE OX Mt. мис 
/ N 
H H 
2* substrate Inversion of configuration 


Figure 6.8 


The reaction stereochemistry associated with the Sul and Sy2 mechanisms. 


iral (except for molecules that have a 
alkyl 
}еас- 


° 


Notice that primary substrates аге rarely ch 
deuterium instead of a hydrogen atom in Exercise 6.10b), so only 2° and 


halides have to be considered. Becaus 3° ) Ikyl halides do not undergo thd Sw? 
a mechanistic probe is important only when dealing 


tion, reochemisti 
witlY 2? alkyl halides) 
= stereochemical results are clear for the ideal Syl and $32 mecha- 


Althoug 
nisms, some substrates give mostly Inverse of configuration even when the mecha- 
nis is Sxl This result if a consequence of ion pairing, which means that the leaving 
group stays associated with the carbocation. fan ion pair is formed, then one side of 
the carbocation—the side the halide ion dissociated from—is shielded from approach 
of the nucleophile. In these cases, inversion of configuration occurs. 


This approach is repelled by the 
presence of the bromide ion. 


Nuc: 
к NA R R 
ды: 2 e ——3À Nac et 
\ 
H 


C 
| 
H 
Inversion of configuration 


lon pair 
(electrostatic attraction) 


This result speaks to a point made at the beginning of this s 
Syl and Sy2 pathways are limiting 
both mechanisms. Thus, the criteria used to с 


mechanisms. Some reactions 


ection, namely, that the 
have characteristics of 
lassify reactions are not always unam- 


Chapter Summary 


biguous. For the most part, we will m: 

i t Я ake use of the s mmary i ion i 

and Figure 6.8 to decide whether a reaction occurs by the RED аш m Table 6.4 
mechanism. 


EXAMPLE 6.4 


Which nucleophilic substitution à 

E mechanism (Syl or Е 
each of the following reactions? Draw the structure mike is expected to operate in 
stereochemistry. е major product, including 


Z b. Br 


NaN;, DMF 
К... „сї E N, 
ч CH3OH, А 
AS у 


a. First, classify the type of subst 

first, class rate and the nucleophile. Th ide i 

Bias ы Е = the nucleophile is a strong aS PIERS ues "s с, 

E m Sio DR шла n Table 6.4 indicates that this reaction i Ун Үш 
^ - starting materials are achiral Чеп 

about reaction stereochemistry. The product is an Алазан "Be dicii 


NaN, DMF 


ns dso eS 
“NNN + Маа 


b. First, classify the type of 
з substrate and the nucleophi i 
E. eel n nucleophile is a weak base, neutral, ar мены A era 
E ve : ggests that this reaction should occur via the Syl К шо сые, 
iral, so racemization should occur. The product is ia m (Table RS = 
able 6.2). 


Br 
KA на, p осњ 
+ км + Her 


id (5) (в) 


ESSES ENG 
: Min tuslcophilic substitution mechanism 

of the following reactions? Draw the 
stereochemistry. Е 


(Syl or Sy2) is expected to operate in 
ucture of the major product, including 


а. 
Ь. 
cl 
EL. «чән; у н LISCH,, T 
a Baca TULLE 


Section 6.1 
-1 Fundamental aspects of substitution reactions 


* Nucleophilic substituti 
ео titution occurs when a i 
: p carbon atom is replaced by a а ИИ 
ооа leavi і 
g caving group is a weak base (the conjugate base of a strong acid) 


* Nucleophilicity i 
ty increases with base str: 1 
E ed ength for a given atom ith i 
E coni arizability within a group of the periodic table. Т, ie и » 
philes are summarized in Table 6.3 аин 
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206 CHAPTER 6 Substitution Reactions of Alkyl Halides 
e Bulky nucleophiles are less reactive than smaller ones because of steric 
effects. 


e Two limiting mechanisms for nucleophili 
stitution, nucleophilic, unimolecular) and Sy2 (substitution, 


molecular). 


c substitution reactions are Syl (sub- 
nucleophilic, bi- 


Section 6.2 The Sy1 reaction of alkyl halides 
• The Syl reaction js favored in those cases involving substrate molecules that can 


form a relatively stable carbocation. Use of a weak nucleophile and a polar sol- 


vent also favor the Syl pathway. 


e An Syl process, in which solvent also functions as the nucleophile, is called a 


solvolysis reaction. 


e A carbocation is stabilized through the delocalization of electrons by resonance 
the loss of a leaving 


or hyperconjugation- Relief of steric crowding assists in 
group to form the positively charged carbon atom. 


° Hyperconjugation occurs when there is overlap between an adjacent o-bond 


and the vacant р orbital of the carbocation. 


e Relative rates for the reactions of substrates in an 541 process decrease in the 


order benzylic, allylic > 39 > 9° > 1° > methyl > vinyl, phenyl. 
„ The Hammond postulate correlates transition state energies with structures of re- 
actants, products, and intermediates in a reaction. Relative rates for substrate 


reactivity in the Syl reaction correlate with relative stabilities of the resulting 


carbocations. 


e Inaddition to formation ofa pond by reaction with a nucleophile, a carbocation 


can also undergo elimination or rearrangement 

e A rearrangement is likely to occur when a more stable carbocation can be 

formed by migration of a hydrogen atom or alkyl group from a carbon atom ad- 
jacent to the original carbocation center. 


] consequences of a substitution reaction are retention, in- 


e The stereochemica 
version, OF racemization of configuration of the carbon atom bearing the leav- 


ing group. 


• The typical SQ) reaction proceeds by racemization of configuration. 


Section 6.3 The Su2 reaction of alkyl halides 


e The Sp2 reaction isa concerted process that proceeds with formation of a bond 
group is being broken. 


to the nucleophile while the bond to the leaving 


e The relative rates for substrate reactivity in an 542 process decrease in the order 


methyl > 1° > 9° > 3° > vinyl, phenyl. 

e The Sy2 reaction is best carried out in a polar, aprotic solvent such as DMF, 

DMSO, acetone, OF THE. A protic solvent can form hydrogen bonds with the nu- 
cleophile, which slows the reaction significantly. 

• The typical Sp2 reaction proceeds by inversion of configuration, à process called 
Walden inversion. 

e The preparation of amines by substitu 
reactions between the starting nucleophile and the product, 
better nucleophile than the original. 


tion is complicated by acid-base 
which is often а 


Section 6.3 A comparison of the Sn1 and Su2 mechanisms 


e Acorrelation between substrate structure, nucleophile characteristics, and the 


types of mechanisms is given in Table 6.4. 
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Introduction | Sectio ection 6.2e 
io ction 6. cti 
nucleophilic substitution rate-d a н т n tion | ` 
e-determining step retention of figu 
configuratio 


solvolysis reactii i 
ysi on inversion of configuration 


Section 6.1a Secti izati 
RE group ection 6.2b racemization 

hyperconjugation Section 6.3 

За 
Section 6.19 Section 6.2с concerted 
unimolecular Hammond postulate Section 6.3b 
bimolecular Section 6.2d Walden inversi 
51 reacti Г С 
$2 Eos Wagner Исуса Section 6.3 
rearrangement polar pii sol 
vent 


E 


Section 6.1с “= 

| TION SUM 

s | MA 
xamples of typical nucleophilic substitution reactions: Table 6.2 
Section 6.2a | 


The Sul reaction (solvo 1 The cleo е Wi usually a protic solvent 
t ysis). he nu hile i 
еор ile is а weak base yap i 
m water Or alcohol. The order of reactivity of the organohalide is 3° ber izylic al- 
lyl c>3°~2 benzylic, allylic > 2° ~ 1 benzylic allylic >1°> ien ] р a 
э у> h 


chiral substrate und 
ergoes racemizati i кп 
g ization via the Syl mechanism. odd 
| 
сх H—Sol | 
| H—5ol=H;0, ROH, RCOOH ш B + HX 
Х = СІ, Вг, і 


Section 6.2e 


Carbocation: 

à s rearrange to 

Figure 6.5. g form more stable species; typical examples are h 
shown in 


Section 6.3a 


The Sy2 reaction. Т 

A . The nucleophile i 

ative charge. phue 15 often a moderate b: i 

th pe Tes ena eO Tee Y 

. [9] 1. . 

(including benzyl and oe p ү rx (including poke and pecus es = 

chiral including benzyli : > 2° 
substrate undergoes substitution with оа л llylic) > phenyl, vinyl. А 

iguration. 


Section 6.3d 


The s i 
ynthesis of ami 
a s nes from alkyl halide: i i 
B E EEA E A s and ammonia or amines is complicated by 
вх 09 
R—NH, + АМН 
— = > А + R uo 
x= Cl, Brt ais: 


ich a esses Product mixture; the i 
чап 
on the exact ае ыз be ey 
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LLL _____— 


ADDITIONAL EXERCISES 
6.14. Draw structures for the reactant and the expected substitution product in each 


of the following reactions. Include stereochemistry where appropriate. If no reac- 
tion is expected, write N. R. 

a. (S)CHsCHBrCHyCH2CHs + NaCN (in DMF) 2 

b. (А)-СНЗСНСІСН (СНз) + Nal (in acetone) > 

c. BrCH;CH;CH3CHs + (CH3)3NH (in THF) 

d. cis4-Bromo-1-fertbutylcyclohexane + NaSCH; (in DMSO) > 


6.15. For each pair of reactants, which one do you expect to react faster in the indi- 
cated substitution reaction? Why? For each reaction, indicate whether the Syl or 


Sy2 pathway is the more likely. 


a. 
сны + OH” 52> CHOH + Г 
сну + OAc MES» сноАс + Г 
b. 
(CH,),CBr. + HO ——э (CHj,COH + HBr 
(CH;),CHBr + њо ——> (CH;),CHOH + НВг 
с. 


pe EIGEN py 3 
Cl + PhO ——— OPh + C! 


CI 
~~ + prom Sa ph + 7 


d. 
_ DMF - 
Qo + см O— an + Br 
_ DMF 
Quem mmm 


6.16. Explain how and why the solvolysis of 2-bromo-3-methylbutane in aqueous 
methanol yields 2-methyl-2-butanol as the major product. 


6.17. (R)-2-Bromooctane was stirred with sodium iodide in acetone at room temper- 
ature for 2 days. Write an equation for this reaction. Further experimentation 
showed the rate of the reaction was dependent on the concentrations of both the 
bromooctane and the sodium iodide, yet the product was a racemic mixture. Ra- 
tionalize the stereochemical result. 


6.18. Draw a Lewis structure for the nitrate [МОЗ], dimethylphosphate 
[(CH3O) РО], and methylsulfate [СН%О$Оз/7] ions. Explain why these species 
generally are poor nucleophiles in substitution reactions. 
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6.19. Silver(I) halides are amon 
г id g the least soluble com i 
Ag(I) might facilitate solvolysis of a 2? alkyl chloride о ad 


OCH; 


cl 
AgNO;, CH,OH 
AgNO5: CHOH, | 
wakes е + AgCl + HNO; 


6.20. What is the expected major product for each of the following transformations? 


di n : 
Indicate stereochemistry where appropriate and assign (R) and (S) to each st 
ocenter. In no reaction occurs, write N. R. "s 


a. CH, CH, CH;CH; 


H0, EtOH, A KI, EtOH 


b. 
HC AA T Co. m — d 
ori 
ci 
e cl 4 н CH 
pe? 


— SS — 
> Н 
E DMSO p^ CH;NH; X 
Br 
Br 


т 
С CH;SH, EtOH 


f. 3 
V CH 7 ә 
ci 
8. нс \ h. 
N 
CY aCN, DMF Cj ChS Na* 
DMSO 


1. j 
KI, acetone = 
Br PET A H20, EtOH, А 
—ә === 


Pap NaN;, DMF 
Вг —————9 


6.21. Compounds that have an a 
| ryloxy (ArO-) group at the o-position of i 
acid are frequently used in agricultural treatments (see Seition NN караса 


remember what the “a.” designation means). 
cl 
OCH;COOH 
{ )-оошсоон а) ооноњсоон 2 
2-Naphthoxyacetic acid 


Phenoxyacetic acid 2-(2', 4" Dichlorophenoxy)propanoic acid 
undici 
(fungicide) (plant growth regulator and herbicide) (plant hormone) 


compounds are made by P 2 
Such ound, de by the reaction between a henolate ion and an 0 


R 


ArO + E Д 
г —— Е 
Cl COOH ArO ‘COOH Toe 


Draw the structures of the i 
the s specific phenolate ion nucl i 
boxylic acids needed to make the compounds Че Pe x 
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6.22. Indicate what reagent(s) and solvents can be used to carry out each of the fol- 


lowing transformations: 


a. b. Ci 
SN NSCs eG = ^T 


© Br ѕсн,снсн, È Сх [oem 
CH; CH; 
Mi oe Cee 


g nucleophilic substi 
d which ones will b 


tution reactions, identify which 


6.23. For each of the followin: 
e unlikely or occur very slowly. 


ones will probably occur an 
Briefly explain your reasoning. 

a. CH3CH2Cl +17 > CH3CHal + CI- 

b. CH3CH20H + Вг" > CH3CH2Br + OH- 

c. CH3CH2Br + CN- — CH3CH2CN + Вг” 

d. CH3CH2CN + SCHs — CH3CH2SCH3 + CN- 


occurs whenever the л bond of an allylic sub- 
s. Show the electron movement for 
ting Sy2 and Sp? reactions. 


6.24. Amechanism designated as Sy? 
strate can participate in the substitution proces: 
the following transformation that involves compe 


CN^, DMF SS 
uU Br u——— SAN + Re 
Su2 S2" 


6.25. Allylic rearrangements like that shown in Exercise 6.24 occur any time an Syl 
What is the difference in the involvement of electrons for the 


process is involved. 
Sn2/Sn2’ process compared with the Syl reaction? 


«ҳи H,0, CHOH aa $ 356 
(541 conditions) 
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SUBSTITUTION REACTIONS ОЕ 
ALCOHOLS AND RELATED COMPOUNDS 


7.1 SUBSTITUTION REACTIONS OF ALCOHOLS 

7.2 SUBSTITUTION REACTIONS OF ETHERS AND EPOXIDES 

7.3 SUBSTITUTION REACTIONS OF THIOLS AND THIOETHERS 

7.4 SUBSTITUTION REACTIONS IN BIOCHEMICAL SYSTEMS 
CHAPTER SUMMARY 


This chapter conti i 
А Bape a шшс кы н tane of nucleophilic substitution reactions begun 
Д ere covers the reacti i 
eel c ons that are typical 
Se d ince analogs, and it concludes with a description sË et etur 
NÉ ied : i eb x sd in biochemical processes. These ampie aL 
ed principle (Section 5.5a) Ша i | йды 
) T t reactio: ivi 
the same conventions as those that take place in the ае а 


7.1 SUBSTITUTION REACTIONS OF ALCOHOLS 


7.1 
a A Ма ACID PROTONATES THE ALCOHOL OH Group 
О GENERATE A Соор LEAVING GROUP 


For the nucleophili ituti 
philic substitution reactio i 

EE en n ns of alkyl halides, you 1 

TEN сше Ба ап spP-hybridized carbon atom bonded ioa а нй 
аъам ok pase, and the other reactant is a nucleophile (Lewis hus уы 
id RA re two common mechanisms: 541 and Sy2. These athwa s di e 
maliy A ipate күү erum ш types of substrates and nucleophiles Tai T 
te ; e types of so! : 
инер vents that prove useful. An abbreviated summary 


Table 7.1 
A summary of the Syl and Sy? reactions of alkyl halides 


Ту 
уре of Reaction 


Mechanism 
Substrate structures nucleophile Solvent stereochemisti 
E i П = 
E жы, allylic, 3°, 2° Weakly basic Protic Racemization 
o 
ethyl, 1?, 2? Strong Polar, Inversion of 
QN o 
aprotic configuration 


ES oos 


———————————— 
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CHAPTER 7 Substitution Reactions of Alcohols and Related Compounds 


a nucleophile satisfies two of the three princi- 
ful substitution reaction. The obstacle is the 
because it is nota weak base. 


The combination of an alcohol and 
pal criteria needed to carry outa success 
OH group, which is a poor leaving group 


H3C H3C n e 
\ Хр OH" is a poor leaving group 
H,C—C--OH ====° C—cH, + ОН” because it is a strong base. 
/ / This reaction does not occur. 
HC HC 


nvert the OH group into a better leaving group in 
action. One of the simplest methods uses a hydro- 
tes the OH group while delivering a good 
tert-butyl alcohol reacts with HBr as shown 


There are several ways to co’ 
order to perform a substitution ге 
halic acid (HCI, HBr, or HD, which protona 
nucleophile at the same time. For example, 
in the following reaction. 


H3C 3 
| x as A H +o r An acid-base reation generates 
Б SEI" the protonated alcohol. 


is now the water molecule, a weak base and a good 


With protonation, the leaving group 
tly occurs as in any Syl process. 


leaving group. Ionization subsequen 


HC H Hac, 
_ r *. H20 is a good leaving group 
Н.С POR UD ШШ C—CH, + ЊО because it is a weak base. 
а HC 
the first step reacts with 


the mechanism, the nucleophile released in 


In the final step of 
the carbocation to yield the substitution product. 
HC А p нс. Ais 
C— CH; Bri =====е С 
i 2 ® / “вг 
HC 


HC 


This reaction is quite limited, however. Remember that a nucleophile is also a 
Lewis base, so a mineral acid will protonate it unless it is an extremely weak base. The 
only nucleophiles that work well under these conditions are the halide ions—ehloride, 

_bromide, and iodide. Fluoride ion is generally a poor r nucleophile because it is strongly 
рК = 3.3). Primary alcohols do not 


“solvated in most solvents, and HF is a weak acid ( 
metimes unreactive toward HBr unless sulfuric 


ааз HCI or HF; they are even so 
acid is also added. The following examples are typical (aq = aqueous). 


та HC 
N HCl (aq) М 
нс——Он Sec ERE H.c—c—Gd (80%) 
H3C H3C 
HBr, H5SO4, 4 
RL Т Y eee е pe 
actions between alcohols and the hydrohalic 


The mechanisms that apply to the re 
acids are the same ones you learned for th 


e reactions of alkyl halides. Thus, methyl and 
rimary alcohols react byan mechanism, and seconda terti 


primary econ 
allylic and benzylic substrates react by the Syl pathway. Phenols do not re 


, and all types of 
act under 


7. TM 
1 Substitution Reactions of Alcohols 


these conditions for the same reasons th: i 
BITS reactions (Table 6.4. s that aryl halides do not react in either the Syl 


Propose a mechanism for the conversi 

> rsion of 1-heptanol 

ment with HBr and HSO. А ptanol to 1-bromoheptane Ъ 

Я 4, as shown in the precedin: : plane бу treat- 
cluded to increase the amount of protons for Fa first sd а Sulfuric acid is in- 
of the alcohol OH group. p of the reaction: protonation 


7.1b cate үсү TO AN ALKYL SULFONATE 
1 AS A GOOD LEAVING G 
ROUP, A SUL 
А more general way to convert the alcohol OH group to a xd lea дз 08 
ving group is to 


C i 2 y 
5 ) or methanesulfonyl chloride (CH3SO. Cl, or MsCi) and a base, which is ial 
БСІ y. п 2 a E is usuall 


е tr —À = 
pyridine, triethylamine, or hydroxide ion, as shown in the following е 1 
xamples: 


EE ON ч 50,—d 
OH 5—9 С С СОС 
OTs (82%) 


NaOH, H;O 


CH;OH 
CX EE o n ЕЧ Fu MS 
CH,OH Pyridine, — 5°C (97%) 
CH,—OMs 


The mechanism for th i 
e formation of th 
ке he f ese alkyl sulfonate derivatives i i 
пен = = chloride ion from the sulfonyl chloride они ч id 
a | р 1 аз а nucleophile. In the second ste A ase бирча 
proton to yield the neutral product. СЕ 


ce E: 


сынан ÉAN ocio 
4 99 
P ie! 
H CH 


3 


CH; 
[e 
о о 
с AZ О о 
H3(CH2),CH, 6 © AZ 
<i —— CH3(CH,),CH,>—O~ " 
H CH; *QH™ H20 
CH, 


An alkyl tosylat 
(an alkyl sulfonate ester) 


. When usi ng grou 
ie ng an alkyl sulfonate for a substitution reaction, the actual leaving group 
furic acid in i z | o 
in its acidi 
E SGi ша с: 5). c common sulfonates are methanesulfonate (al: 
a 5 m е, а víated —OMs), trifluoromethanesulfonate (also called triflai = 
bbreviated -ОТе), and ptoluenesulfonate (also called to: е js Н = 
(also called tosylate, abbreviated -ОТ5). 


Sulfonate anion, which is the conju: e О d not u sul- 
э 1 conjugat base of a sulfonic acid an nlike sul- 
ul. 
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о [ө] o 
[M ho ho 
E NN с,—5—0 CH; ER 
o o7 о 
Methanesulfonate ion Trifluoromethanesulfonate ion p-Toluenesulfonate ion 
(mesylate) (triflate) (tosylate) 


The mesylate and tosylate ions fall somewhere between iodide and bromide ion with re- 
gard to leaving group ability; the triflate ion is better than iodide. 


Leaving group abilities CFO; >I > CH,50; ~ CH3CsHsSO3; > Br > С 


A nucleophile can react with the alkyl sulfonates by either an Sul or Sy2 process, 
depending on the structure of the substrate. Think of an alkyl sulfonate ester exactly as you 
would the corresponding alkyl halide (see Table 6.4). The following examples illustrate nu- 
cleophilic substitution reactions of alkyl sulfonate esters. 


ESAE NaCN, DMSO, 90*C PSAL (83%) 


OT: N 
(T 5 Nz DMF сү” з (90% 


The two-step procedure, alcohol — alkyl sulfonate > substitution product, is usually su- 
r to the direct reaction of an alcohol with a mineral acid, alcohol — substitution 


perio 
product, which is limited to the preparation of alkyl halides. The advantages of using an 
alkyl sulfonate ester and Sy2 conditions are as follows: 


тм, The reactions are stereospecific. 
e A carbocation intermediate is avoided, along with problems of rearrangement. 
e A wide range of nucleophiles can be used. 


э“ 
dure to carry out the substitution 


ustrate the two-step proce 
curs with 


hol. Notice that formation of the sulfonate ester oc 


The following equations ill 
on step occurs with inversion of configuration. 


reaction on a secondary alco 
retention of configuration, the substituti 


МАМЕК ү мс. мәм чы 
E H CH;Cl;, NEt; T (98%) 


OH 


Ph$^, DMF 
————9 aaa (78%) 


wing transformation: 


Йу нь 


Show how you would perform the follo 


7. же 
1 Substitution Reactions of Alcohols 


7.1c PHOSPHORUS AND Su 
LFUR HALIDE REA 
GENT 
TO PREPARE ALKYL HALIDEs FROM ыш ви x 


A third way to substitute the alco 
: ч hol ОН i : 
horus tribromide (PB: ; group is by treatin А 
or chlorides, res с (PBra) or thionyl chloride (SOC), whi rate er uu cd 
, respectively, as shown in the following equat a ee 
ions: 


EN BRA 
OH Za 
r 


(6096) 


Мон SESS. 
SN, 
cl + HCl + 50, 


(78%) 


In light of the substituti 
stitution proce: x 
: sses 
that these reagents are involved in two = already, we can reasonably assume 


1, They convert the OH i 
group into a good leavi 
NE oun i g eaving group. , 
They provide a nucleophile, a halide ion, to replace the leaving gro 
up. 


In the first step of the reacti with Р 
z action with oxygen atom replaces each of 
Я A i А 1 Bra, an alcohol хур ер € [o 
he bromine atoms bonded to the phos horus. If a base like ae is и d to 
р еа to neu- 


tralize the HBr that is formed, the reaction stops h 
s here. 


3R—OH + :р 
PB —> - * 
z @ (R—O)P: + З HBr 


In the absence of an externally ad 


role of the base, reacting with 
coordinate, positively charged ph 


а 

Sed base, however, the phosphorus atom assumes the 

z valent of HBr. This step generates a four- 
phorus atom, which is a good leaving group 


LUN — 
(R—OXPÍ + HBr RO Ж е 
> = " 


@ ре = 
ro H 
Good leaving group 


The third step i 
P in the transformati 
very stable phosphorus-oxygen den pd to substitution with formation of the 


oda 

Bou МГУ o 
IN + Bro / 
Ro H 


The P=O bond is very strong, and its formation 
, 
makes this Process ther modynamically favorable. 


Based m 
Оп the foregoi i 
Pected prod regoing discussion, whi h 
IE, in : » Which shows a c i 
cluding stereochemistry, of the iud ii ics ae 
A rmation shown below? 


OH 


des I. PBr3, A 
ee 
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Thionyl chloride reacts with an alcohol by replacement of one of its chlorine 
atoms. Substitution of the leaving group generates СІЅО»Н, which is unstable and de- 
composes to form SO» and HCL Pyri dine is sometimes added to react with th b the HCl that 
is produced. This reaction is commonly used to convert primary alcohols to primary 
alkyl chlorides, a transformation that is not readily accomplished using HG. 


o H 
fale —— R—CH Ode d —— RCH + но © 
ara © (s, e i i 
eu d о 
С a 
Unstable 
Ho. d 
E f —— 50, + HCI 
о 


HN: 


EXERCISE 7.4 


What is the expected product in each of the following reactions? 


a b. 
508, A 


ether, pyridine 


ѕосі,, СНС», A 


OH 
OH CH ~~ 


Bd UEM LL e 


7.1d THE MirsuNoBU REACTION Is A GENERAL METHOD 
FOR PERFORMING NUCLEOPHILIC SUBSTITUTION 
REACTIONS OF ALCOHOLS 


The reagents described in the last section are limited because only halide ion nucle- 
ophiles are involved. A reagent, or combination of reagents, that could generate a 
phosphorus-containing leaving group in the presence of nucleophiles other than 
halide ion would be extremely valuable. In 1980, Oyo Mitsunobu discovered just such 
a reagent combination, in which triphenylphosphine, PhsP, _diethy! azodicarboxylate 
(DEAD), and an acid, HX, react in the presence of the alcohol substrate. The alcohol 
is usually 1° or 9°, and the acids that are most effective have a pÉ« 19. Thus, carboxylic 
acids, phenols, thiols, thioacids, and inorganic compounds such as HCN and HN; are 


suitable reactants. Of particular value is carboxylate ion, normally a poor nucleophile 
in substitution reactions, which works well in the Mitsunobu reaction. 

The overall reaction is represented by the following equation, but the mechanism 
follows the same principles we have seen earlier. 


о F 
ж ] | 
R—OH + HX —g— —s ^? [s R—X + О=РРһ; + Lm: Mcd 
ee —дв 


(DEAD) 


Initially, triphenylphosphine and DEAD react in the presence of the acidic com 
ponent to form an adduct that reacts in Step 2 with the alcohol—as a pucleophile—to 


yield the corresponding (alkoxy)triphenylphosphonium. ion, [RO-PPhs]*. Phospho- 
rus, being a period 3 element, can accommodate 10 electrons, and compounds with 
five bonds to the phosphorus atom are common. This Mitsunobu reaction is so valu- 


7.1 Substitution Reactions of Alcohols 


able because the counterion, X^, of the resulti 
Ке сом (2A, sulting phosphonium ion i i 
base of the acid that was added at the outset. ee 


HX = os 
h eere. H *PPh, a 
EtOOC—N=N—COOEt ——> Wen’ кён, 
oo’ соон @ 
R o 
| X 
А 
©.) 
„^ч, О. 
H Phap : H PhP СЕ 
М: Lol we "i 
EtOOC Xo © dab О ш зц 
Окт оос cook — 


H—X = RCOOH, ArOH, HN;, RSH 


In th ituti 
a dM si e d step, the nucleophile X^ reacts with the electrophilic с 
bn a o he Pc is EISE group. which is triphenylphosphine oxide, Ph4P-O. 
ә = s the Mitsunob i › corr ion ui it did 
in the reaction between an alcohol and PBrs CERTI. completion, justas it did 


pes Rd Ph Formati f th 

ái mation of the stro 

i TS E mre Р =O bond makes Mei 
S. -=> i overall reaction exergonic. 


A good leaving group 


Another valua А 
which normally без сой ү кие reaction is its stereochemical course 
: of configuration if th Ж as pn ERES ЖМ 
version occu: : e starting alcohol is chi ы 
oa rs as the nucleophile approaches the side of the Caen ate bois Ps 
e leaving group, as in any Sy? process. om opposite to 


CHCH. 
"e 2C His m CH;CH; 
"e 
H 4 “о an i ds н + O=PPh; 
Hs Ph CH; 


(5) (R) 


Exampl i i i оп 

E E in of ia к abound in the chemical literature, and new applicati 

of th оп appear frequently. Its great versatility is illustrated in the folowing 
8 


equations for cases in which th j 
is for e conjugate b: i ic aci 
эйт d А е of a phenol, а thiocarboxylic acid, or a 


CH, H 
" Wd 
fh O mpoo COOEt 
HO \ бон THE. 25°С (72%) 
F о 
ш ` ©) 


нон 
+ EtOOC—N—N—COOEt 
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OH 5 С CH 
Ph,P, DEAD, THF, 25° E 
Ww ,P, DE Aus 25°C — 3 3 (98%) 
ы. aits d 
(А) (5) 


OH рыр. DEAD, THF, 25°C о—С 
2 УР. DEAD, THF, А 
SS 25 5 7 ee. 7 = 

J^ oi 2 
(R) (5) 


DEL нн == 


EXERCISE 7.5 


What is the expected product of each of the following Mitsunobu reactions? 


a. b. 
но, сн; 
Е * PhyP, DEAD, THF, 25°C pup Ру, DEAD 
1 HN;, THF, 25°C ? 
SH он 


ee НЕА 


7.2 SUBSTITUTION REACTIONS OF ETHERS 
AND EPOXIDES 


7.2a ALCOHOLS Are READILY DEPROTONATED 


то FORM ALKOXIDE IONS 
Before looking at substitution reactions of ethers, it is worthwhile to consider how 
ohols and alkyl halides by nucleophilic substitution reac- 


ethers can be made from. alc 
tions. For the(Sy1 eaction, recall that alcohols can be used just as they are, as weakly 
Basic nucleophites (Section 6.2a). Furthermore, alcohols are protic molecules, so they 


also assist СЯ of the leaving. group under Syl conditions. 


т, t . 
For ац Sy2}reaction, however, an alcohol molecule needs to be converted to its 
otic solvent would fur- 


conjugate base to make it a better nucleophile. Using a polar, apr 
thier boost an alkoxide jon’s utility in any subsequent 52 process (Section 6.3c). There- 


fore, let us look at how alkoxide ions are made. 
‘Alcohols are weakly acidic molecules with pK, values for the OH proton between 15 
and 20. Therefore, they cannot be readily deprotonated by hydroxide ion. The acid 
strength of methanol and ethanol are not much different from that of water. As more саї- 
bon and hydrogen atoms are added to the carbon skeleton, however, an alcohol becomes 
less acidic. Most of this effect results from poorer solvation of the resulting alkoxide ion. 
нс H;C 
H,C—C—O0H 
/ 


CH,OH H,0 CH,CH,OH gn-on 
HC HC 


17 18 


pK, 15.5 15.7 16 


e alcohol with sodium 


rotic solvent. The following examples are i 
dure is that the only byproduct is 
f this gas drives the reaction to completion. 


One of the easiest ways to make an alkoxide ion is to treat th 


or potassium hydride in DMF, а polar, 
lustrative. A particularly useful feature of this proce 
molecular hydrogen, and formation о 


7.2 Substitution Reactions of Ethers and Epoxides 


ОН зн, O^ Na* н 
DMF + H Н kn pM 
DMF + H 


E EH an alternative method makes use of a redox reacti T 
оша: wit Li, N Na, or K metal, which is oxidized during the а Tm i 
ae ne form molecular hydrogen. Sodium metal are ү" 
anol, ol, and 2-propanol (isopropyl al hh i iie 
e sicot : pyl alco ol or isopropanol); it reacts ve 
| ZEE, Talcohol, so potassium metal is used in that case. = " 


нс 
CH,CH,OH —— 2 7 Nat a 
Ке CH;CH,O~ Nat + Н, нс—с—он 2% 24H,C AK? 
E ,C—C—0^K* + H 
HC нс 
Ехсеѕѕ i i 
(in EtOH solution) Excess (in t-BUOH solution) 
= ution 


BE on ion | prepared by D with an alkali metal is usually dissolved in the 
r olvent. If an aprotic solvent is n 

Я > eeded for a i 
tution reaction, then the alcohol can be evaporated and the other еси 


7.2b ETHERS ARE PREPARED BY SUBSTITUTION REACTIONS 


Ethers are most frec quently employed in organic chemistry as inert (nonreactive sol- 
vents, but they occasionally have other uses. The reaction between an alcohol or an kel or М 
y y р 


ide ion and an alkyl halide is the Бе 
ide i st general method to так e alcohol i эе 
(ео апаа Еу а ; make ethers. The alcohol itself № ; 
phile if the alkyl halide can react via the Syl mechanism. = + i Hs 
H B : 
Vaud е" £^ cigs 
3 


A CH 
Ww g 


c chona, c 
PR 


As a review, write out the steps fo e me nism of the reaction shown di: above 
Д st rth cha: tion sh rectl 
p: y above. 


A more versatile method for making ethe the Williamson ether thesis, which 
о i li т 
à f g rs is the Willi: n eth. syni i i 
е 5N2 reaction between an alkyl halide and alkoxi io ( ctic E? ). í ' 
is the 59 an alkoxide ion (Section 7.2a). 


кон > Ro —X5 в—о—к 


The Willi ion i 
ui - M. Eu joan for alkyl halides and alkyl sulfonates (Section 
Es e N pa nway, which includes methyl, pri 
ERN 3 mme. [The un ion is also a strong base о и 
ection 8.2).] The starting al is 
a alcohol— ide i 
11 be of any type, and phenols can be used as Md йш cR E 


о = 
yes "OH Т O^ Na* 
р | ан ММ оч 
«= DMF x 
1-bromopropane 
Cyclopentan 
ol i 
Sodium cyclopentoxide Cyclopentyl propyl eth 
ether 


© NaH 
Noy — 5 R єнї 
Е O^ Nat SS 


3- 
Methyl-1-butanol 


pow 


1-Methoxy-3-methylbutane 
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7.2с INTRAMOLECULAR SUBSTITUTION REACTIONS 

Үр Сүсис PRODUCTS 
Most of the substitution reactions that you have learned have been intermolecular, 
which means that two reactants are involved (Section 2.8b). If the nucleophile and leav- 
ing group are in the same molecule, then the reaction between them is intramolecular, 
and a ring will be formed. You saw an example of ring formation when amino alkyl 
halides undergo reaction (Section 6.3d). Cyclic ethers are formed when the alkoxy ion 


nucleophile and a halide ion leaving group are in the same molecule. 
There is no major procedural or mechanistic difference between the inter- and in- 


tramolecular substitution reactions that yield ethers. The alkoxide ion is generated in 
the same manner, and the electrons of the nucleophilic oxygen atom react with the 
electrophilic carbon atom to displace the leaving group. 


Intermolecular 


CH,CH,—Ór Hcr ——> CH,CH,-O—CH; + Br 


Intramolecular 
нс—0:7 ње 6; 
S 7 = 
н, ) ud —> HC бы + Br 
H,C—CH, HaC— CH3 


The construction of five- and six-membered rings is especially facile, as is true for most 
ring forming reactions, but three-, four-, and seven-membered rings can also be made. 

"Generally, the alkoxide ion is prepared using NaH in DMF. Sodium hydride does 
not react with alkyl halides, so alkoxide ion formation is straightforward. The following 


example illustrates this reaction. 


EXAMPLE 7.1 
Propose a mechanism for the following cyclization reaction. Show electron movement 
with curved arrows. 


a =, 
Уу ^он лан, оме 


— 


о + мас 


Sodium hydride is a base, so it reacts in the first step with the chloro alcohol to gener- 
ate the sodium salt of the alkoxide ion. Once formed, the alkoxide ion reacts at the car- 
bon atom bearing the leaving group—chloride in this example. Displacement of 
chloride ion generates the ring. Make certain to count the number of carbon atoms be- 
tween the oxygen and chlorine atoms. There are four, so a five-membered ring is 


formed, the fifth atom being oxygen. 


рак Na* 
HÓ DX 9 ; 
use Куч KF we 05 А 
$ © х E G о 


EXERCISE 7.7 
Draw the structure of the major product formed in each of the following reactions: 


a. OH "i 
E uox ч TIERE TUM. 
Br 


m dud Жыш i E 


7.2 Substitution Reactions of Ethers and Epoxides 


The intramolecular reaction that occurs w 
atom are bonded to adjacent carbon atoms is a аи шор = а halogen 
three-membered ring ethers. Sodium hydride in DMF can be ape , Which are 
alkoxide ion in these reactions, but a solution of sodium hydroxide i О generate the 


ÑH Vw A^ 


„АСС —% “с— Си, + 
К n. HO + = 
7 \ 2 Br 


As in all reactions of the strongly nucleophili i 
i ‹ philic (and basic) alkoxide i i 
ring-forming reactions follow the patterns seen for em A ei 


that the caving group must be attached to a primary or secondar y car bon atom. Note 
also that for chiral substr ates, the configuration is retained at the carbon atom bearing 


the oxygen atom because no bond to that stereocenter is broken, but the configuration 
is inverted at the carbon atom with the leaving group І 


“Сн NaOH, но М - (5) N 
Aces em, sq COM NaOH, њо 
oo Н Her 


This bond is not broken 


during the reaction th cti 
e reaction as the 


leaving group departs 


EXERCISE 7.8 


Propose mechanisms for the two reactio: (e) irectly above a - 
ctions shown d: 
y nd confirm the stere 


7.2d ETHERS ARE CLEAVED BY REACTION WITH HBr, HI 
OR lODOTRIMETHYLSILANE idi 


Ethers h 
me "s carbon atoms bonded to the highly electronegative oxygen atom, so 
electrophilic centers at which reaction can occur. Nucleophilic substitution 


reactio ers е nplished with a reagent 
ns of ethers can only be accomplished with a reagent that can (f) react with the 


oxygen atom to forma good leavin gr уар рп 
yge : g group and G suppl a potent leophi Y 

d 2 otent nuc. ile. Three 
reagents that satisfy these criteria are HBr, HI, and (СНз) sSil (iodotr imethylsilane) 


Ethers are cleaved usin ydrolodic acid 
2239 i g hot, a us hydrobromic or hydroiodic aci i 
acid is sometimes added to make the eee оге acidic); for Е ш ашыш 


OCHCH.CH, О, он 
ss O + CH,CH,CH;Br 


Reacti i 
(RE p place after formation of a good leaving group that results from pro- 
oxygen atom, just as you saw for the reaction of an alcohol. Р 


=S i 
б. + 
aN, 9 
E CH,CH,CH, “н, , O "“ен,сн,сн Bro 
A 
Ф 
The nucleophi 
hile г j i 
NU. P eacts at an adjacent carbon atom, forming 1 equiv of alkyl halide and 


А] ot aa 

EH Meer репо, as inis example). Phenols do not react further because 

ES ie P tached to an sp -hybridized carbon atom. Just as aryl halides do not 
e Sul and Sy2 reactions (Table 6.4), phenols are inert, too. 


This bond breaks during 
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H 


нч on 
O UOS Bp = O + CH,CHSCH;Br 


Good leaving group 


When a dialkyl ether is the substrate, then two molecules of alkyl halide are 
formed, because the alcohol formed in the first step reacts under these same condi- 
tions (Section 7.la). In fact, an alcohol reacts faster than an ether does. 


CH,CH,—O-—CH,CH(CHj, -==> CHCH —I + HO—CH,CH(CH3); 


HO—CH,CH(CH), - 8» I—CH,CH(CH,)2 + Њо 


EXERCISE 7.9 


Propose a mechanism for the two reactions shown directly above. Indicate electron 
movement using curved arrows. 


Because HBr and HI are such strong acids, their use is limited to ethers that have 
few other substituents. lodotrimethylsilane, 3) 5511, is a milder reagent used to 
leave ethers, and its reaction with an ether also illustrates that protons аге not the only 
electrophiles capable of converting the ether oxygen atom to a good leaving group. 

In the first step, the oxygen atom reacts with the electrophilic silicon atom, dis- 
placing the iodide ion. This step generates a good leaving group. The iodide ion—an 
excellent nucleophile—subsequently reacts with the electrophilic carbon atom, dis- 
placing the leaving group, an alkyl trimethylsilyl ether. 


Si(CHs)3 


+ 


е > R—I + R—0-—Si(CHjs 


ROR! (CH3)351 а © 
An alkyl trimethylsilyl ether 


an 
їс 


Good leaving group 


If desired, the alkyl trimethylsilyl ether product can be hydrolyzed to obtain the alcohol. 


2 R—O—Si(CH), + HO ——> 2R'OH + (H;C);Si—O—Si(CHs)s 


A dialkyl ether with similar R and R’ groups, R-O-R’, can be cleaved by (CH3)5SiI 


at either C-O bond. so a mixture of four products will be obtained, limiting the value 
of this transformation. 


CH345i —1 
CHCH; —O— CH,CH(CH3; A CH,CH,—O—Si(CH;), + I-CH,CH(CHs)2 


+ CH;CH,—I + (H3C),Si— O — CH;CH(CH3); 
Therefore, this reagent is used to cleave ethers that react referentially at one group. 


Alkyl aryl ethiers constitute one of these types, because the phenyl-oxygen bond is not 
broken in nucleophilic substitution processes, as noted earlier in this section. 


О О. 
E ш-н (CHjsSi— si(CHs)3 E 
CHEN ^ DS 


7.2 Substitution Reactions of Ethers and Epoxides 


Methyl alkyl ethers constitute another type of suitable substrate. Recall that the methyl 
carbon atom is more reactive than any other type of carbon atom in an Sy? reaction 
(Section 6.32), so the nucleophile—iodide ion—reacts preferentially at the methyl 
group, which generates methyl iodide and an alkoxytrimethylsilane. 


(CH3)3Si—I 


CH,—0—CH;CH(CH); Gey 9 CH,—I + (H,C4Si—O—CH;CH(CH3; 


Treating the alkyl trimethylsilyl ether with water yields the alcohol. 


2 (H,CSSi— O—CH;CH(CH,; + HO ———> 2 HO—CH,CH(CH;), + (H3C);Si—O—Si(CH;)3 


"EX 


ERCISE 7.10 


Draw the structure of the product formed in the following reaction: 
(Сн3),51—1 
ó снн ^? 


7.2e Ам Epoxipe 15 REACTIVE AND UNDERGOES RING OPENING 


Ethers are notoriously poor substrates for substitution reactions, and that makes them 
ideal as solvents for many transformations. Epoxides, also called oxiranes or oxacyclo- 
propanes, react readily with nucleophiles even though the leaving group is formally an 
alkoxide ion, which is a strong base. Epoxides are more reactive than most other 


ethers because of the Baeyer strain energy inherent in their three-membered rings 
(Section 3.2a). 


| Lom: = 

—с—с— M, се 
MS | d 

'9 :0:- 


Й The high reactivity of an epoxide ring is illustrated by the reaction between azide ion, 
№, and 1,2-epoxycyclopentane, which produces a racemic mixture of azido alcohols. 


H 
SU i 40H i. 
О NaN;, EtOH, HO Б 
^ = | + (64%) 
н тең POH 
Мз н 


(1R,2R)-2-Azido-1-cyclopentanol (1S,2S)-2-Azido-1-cyclopentanol 


As the azide ion reacts with the electrophilic carbon atom, the carbon-oxygen 
bond is broken. The carbon atom at which the azide ion reacts undergoes inversion of 
configuration, while the stereochemistry of the other carbon atom is retained. A ma- 
jority of epoxide ring-opening reactions occur with inversion of stereochemistry at one 
end of the ring, consistent with an Sy2 process. 


(2773 


C Cm. aa к=, 


M5 


à- 


H 


Retention at this end because 


Inversion at this end 
the C-O bond is not broken. Ee ae enn 


the nucleophile approaches 
from the back. 
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After the ring is opened, the alkoxide ion removes a proton from water in an acid-base 
reaction. 


С—С, A = AC Cin, * p 
неў VN OH = н Чен, OH 
-:0: H HÒ: H 


Although shown as a separate step directly above, this protonation reaction may occur 
simultaneously with opening of the ring. In fact, protic solvents are useful for epoxide 
ring-opening reactions as a way to make a better leaving group by forming hydrogen 
bonds to the solvent (water in the following example). 


Be H 

acest + он- 
\ 

ко 


EXERCISE 7.11 


Why does the reaction of 1,2-epoxycylopentane with azide ion give a racemic mixture 
of products? 


The nucleophilic ring-opening reaction of an epoxide displays the features of 
many Sn processe In particular, the reaction is influenced by steric hindrance at the 
electrophilic carbon atom, so the less highly substituted carbon atom. of an unsymmet- 


ibstitutea carbon acce 


rical epoxide reacts preferentially with the nucleophile. 


2 30 Ji is на: p 
Ph—5H ёа 
4 \ 


H 
SC— = Ns 
снн" ҮН P$ Nat CH4CH;", 
H H (catalytic amount) H S 


On the other hand, epoxides react under acidic conditions by a mechanism that is 
more like an Sy1 process. Protonation of the oxygen atom produces a good leaving 
group, so ring opening can occur to produce a carbocation intermediate. 


Н, n 
20: i О :ÓH 
FN H,0* N H.C... + 
aC Cu. ——— C Cus. e тес С 
нс” 4 Y H HIC 4 Y H н үн 
H H H H H 


2° Carbocation 


In reality, however, a pure carbocation does not form. Instead, an unshared electron 
pair on the oxygen atom maintains an interaction with the neighboring carbon atom, 
which then bears only a partial positive charge. The more highly substituted carbon 
atom is better stabilized by the presence of the alkyl group(s), so the nucleophile sub- 
sequently reacts preferentially (but not exclusively) at that position. | 


3:2 Substitution Reactions of Ethers and Epoxides 


1° Carbon atom 


we HO 
=> \ 
| H HC ua 
bt H 
cx њо“ /\ 
HC М ү” HAC „С—С, н 2° Carbon atom 
H H H H М 
=: H3C 
— Has 
me 
C—CH,OH 
/ 
X 


: Unlike the carbocation intermediate of a true $41 reaction, this bridged carboca- 
tion is blocked on one face by the oxygen atom, so reaction occurs from the opposite 
side. Consequently, the stereochemistry is not lost completely, which would b hs 
if an actual carbocation were to form. ' а 
: The following equations compare the reaction between an epoxide and chloride 
ion at different pH values. At pH 7, the reaction is nucleophilic, whereas at pH 3.8, a 
cationic species is generated by protonation of the epoxide oxygen atom. As a result 
the proportion of reaction at the more highly substituted carbon atom is hi her in the 
acid-catalyzed process. Notice, however, that there is still substantial eG the less- 


hindered carbon atom, leading to formation of the product with a chlorine atom at- 
tached to the primary carbon atom. 


HO н CH,C 
KA ci^, њо Lun са у 
E fin 2 
CH3CH; 4 if Ңң рН 7 CH,CH; Pi S T “сен 
H } H н а а H 
á (91%) (9%) 
о но H CHCH 
FAS Ht Ql, H,0 \ gan Hat 2d 
CH3CH;" 4 iH pH 3.8 CHO S + f чн 
H H н а а н 
(68%) (32%) 


EXERCISE 7.12 


Propose a reasonable mechanism fo 1 
à г the reaction of (5)-1,2-epoxyb i 
counting for the formation of both products. a 


EXERCISE 7.13 


angel hydride isa potent reducing reagent you will encounter several times 
Bann n many instances, it acts like a source of the nucleophile Н:- (hydride ion). 
E sumption, what is the expected product of the following reaction? Formulate 

anism for this transformation and account for the stereochemistry of the product. 


ар” LUAM, Ether The reagent reacts violently with water, so 

i “оно >? "o ? a ата р is required to quench the 
reaction and protonate the alkoxide i 

(5)-2-Methyl-1,2-epoxyhexane formed. i 
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7.3 SUBSTITUTION REACTIONS OF THIOLS 
AND THIOETHERS 


7.3a  THIoLs ARE THE SULFUR ANALOGUES OF ALCOHOLS 

Thiols are compounds that have the SH group. They are named with the functional 
group suffix thiol (Table 1.1). As a substituent, the SH group is often indicated using 
the prefix mercapto-, which derives from an older term for thiols—mercaptans—mean- 
ing "mercury capturing" and referring to the high affinity that many sulfur containing 
substances have for mercury (1I) ions. 


SH 
CH,CH; — SH кр 9 н“ “соон xn 


Ethanethiol 2-Pentanethiol 4-Mercaptobutanoic acid Benzenethiol 
(ethyl mercaptan) (phenyl mercaptan) 


In contrast to alcohols, thiols do not undergo substitution reactions as substrates, 
because it is difficult to make the SH group into a good leaving group. Sulfur com- 
pounds in general are less basic than their oxygen analogues because of sulfur's larger 
size (Section 5.2c), so protonation of a thio group—unlike that of an alcohol OH 


group (Section 7.1а)—15 more difficult. Reactions of thiols with sulfur and phosphorus 
reagents (Sections 7.1c and 7.1d) are also not practical, because the resulting $-S and 
S-P bonds are generally weaker than a C-S bond, and therefore break before substitu- 


tion can occur at the carbon atom. 

Because thiols are weak bases, they can be used as nucleophiles in Syl reactions. 
Furthermore, thiols are excellent nucleophiles, so alcohols can be used.as protic.sol- 
vents for these Syl reactions without any worry about competition. 


CH;CH,CH,SH 
cl қон ^ SCH;CH;CH, + HCI 
Veient 


This lower basicity of sulfur versus oxygen means that molecules with SH groups 


are more acidic than their oxygen analogues. A comparison of four pairs of common 
sulfur- and oxygen-containing substances and their pK, values is shown below. 


T 
aM ( yo HO—H  —CH,CH,0—H 
3 


Acetic acid Phenol Water Ethanol 
pK, 4.75 9.9 15.7 16 


T 
e Vm (ys HS—H CH3CH,S—H 


Thioacetic acid Benzenethiol Hydrogen sulfide — Ethanethiol 
pK, 3.33 7.8 7.0 10.5 


A consequence of this higher acidity means that anionic sulfur-containing nucle- 


ophiles are readily prepared using h droxide ion or a tertiary amine as the base. The 
conjugate base of a thiol is the thiolate ion. 


T 


7.3 Substitution Reactions of Thiols and Thioethers 


: NaOH 
CH;CH;CH;CH;SH | ———5  CH,CH;CH;CH;S^Na* + H,O 


1-Butanethiol Sodium 1-butanethiolate 


Thiolate ions are potent nucleophi i 

: philes, and they react with alkyl hali 
fonates, and alcohols (via the Mitsunobu reaction) to form thioethers ae = n 
pounds a two groups—alkyl or aryl—bonded to sulfur (Section 7.3b). Both 
intermolecular and intramolecular substitution reactions are possible and the normal 


( Syd yonventions apply (polar, aprotic solvents are best and inversion of configuration 


occurs with chiral substrates). 


(CH5CH,),N 


Ht Ya ———À 
THF dud d + (CH,CH,)3NH а- 


hP, 
( узын + CH3CH,CH,CH,OH SR, БЕСЕ сн 
2 3 
OEN $ 
ES Ph;P, DEA ecc M) 
HO. ~A_A~A_sH Ee, 5 
H THF 


CH; 


E Pp scr? 


| EXERCISE 7.14 


Propose a reasonable mechanism for intramolecular Mitsunobu reaction shown di- 


| EXERCISE 7.75 


Draw the structure of the 
products expected fi i i 
M een pa ы ed from each of the following reactions. In- 


a. 


EU t yu E OMEN ( \-snet Nn 
—uo 
DMSO 


7.3 
in B ce ARE THE SULFUR ANALOGUES OF ETHERS 
et impli 
Sica. Pn t name implies, are the sulfur analogues of ethers. They are also 
im ; which is reflected in their common names, formed by naming each of 
ps attached to the sulfur atom, followed by the word sulfide. Cyclic sulfides are 


named by using the root 
. a | j 
pending the prefix io = 


CH,CH,—$— CH(CH3); OL e O 


5 
Ethyl isopropyl sulfide — tert-Butyl phenyl sulfide — Thiacyclohexane 
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Thioethers do not react with nucleophiles, but they can геасі аз nucleophiles. For 
example, treating dimethyl sulfide with methyl jodide in ether produces crystalline 
trimethylsulfonium iodide in quantitative yield. The fact that ether (the solvent) does 
not react with methyl iodide confirms the greater nucleophilicity of the sulfur versus 


the oxygen compound. 


НС... 7 f* ether HaC, «СНз 
$ 


$7 нус — > r (100%) 
CH; CH; 
Dimethy! sulfide Trimethylsulfonium iodide 


Dimethyl sulfide is a weak base, which means it is a good leaving group (Section 
6.1b). Thus, trimethylsulfonium iodide is а good methyla ylating agent. 


JA o B С... „СН : © 
db d d i B зт o——3 NANN SE 
bi. H CH 


Good leaving group 


This reaction has no practical value because methylation can be accomplished using 
methyl iodide itself instead of preparing MesS'T first. What makes this example of in- 
terest is its parallel to certain methylation reactions in Nature (Section 7.4b). 


7.4 SUBSTITUTION REACTIONS 
IN BIOCHEMICAL SYSTEMS 


7 JN BIOCHEMICAL SYSTEMS —_ 


7.4a PHOSPHATE IONS FUNCTION AS Соор LEAVING GROUPS 


In the laboratory, substitution reactions provide a way to replace halogen atoms and hy- 
droxy groups in aliphatic molecules. In biological systems, substitution processes are 
less important for interconverting functional groups because electrophiles might react 
indiscriminately with the many nucleophilic groups that are present in proteins and 
nucleic acids. In fact, the toxicity and carcinogenicity of many alkyl halides and epox- 
ides stems from their propensity to undergo substitution reactions in which groups in 
deoxyribonucleic acid (DNA) act as nucleophiles. For a substitution reaction in the bi- 
ological realm, the ground rules are the same as in laboratory reactions, however: The 
substrates have good leaving groups attached to sp?-hybridized carbon atoms and they react with 
nucleophiles. 

One category of leaving group in biomolecules comprises the phosphate ions, 
which include phosphate, PO 4^, pyrophosphate, P07, and triphosphate, P3010% 
as well as their partially protonated analogues (HPO, and HsPO4, for example.). 
The formation of S-adenosylmethionine is an important example of a nucleophilic 
substitution reaction in which triphosphate ion is the leaving group, and a sulfur 
atom is the nucleophile. (Recall from Section 7.3b how thioethers react as nucle- 
ophiles in substitution reactions.) This biochemical transformation proceeds by an 
Sy2 pathway within the active site of an enzyme, where it can be shielded from ran- 
dom nucleophiles, including water. 
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Good leaving group 
C620 520 ou 
о о 
i Pus \ P. NH; NH; 
T са N 
T 5 o 5o 4 | SN Му 
NH, da M v^ үн: E 2 
но ке Чао но ањ „оу М 
| „Т á 
Lf o OF 
o CH, OH OH ен, Е K К ГА 
OH OH Of S67. xoc" “OF 
ethionine Adenosine triph 
ы josphate S-Adenosylmethionine 


(In Section 9.3c, we will look at some Sy1 ions i i 
D Ging croup) nl reactions in which the pyrophosphate ion is 


7.40  S-ADENOSYLMETHIONINE IS A METHYLATING AGENT 
FOR SOME BIOCHEMICAL PROCESSES 


You learned earlier that a tertia: i i 
tertiary amine reacts with methyl iodide to form th 
lated, quaternary ammonium ion product (Section 6.3d). The following pares M 


lustrates a reaction in which a tertiary amine is converted to the at 
: | ry quaternary ammonium 


PEE 
БАга, ——À N 
© о 3); (^ о“ МСНз)з r (9896) 


Dimethy1-1-[2-(di. 
y1-1-[2-(diphenyImethoxy)ethyl]amine Trimethyl-1-[2-(diphenylmethoxy)ethylJammonium iodide 


нуно о an amine in Nature does not use methyl iodide, which causes mu- 
E other ae Pede to defective protein synthesis, jeopardizing the integrity 
processes required for metaboli d 
methyl group comes from Sade; ioni eR eee 
nosylmethionine (Section 7 i it i 
п m. on 7.42), which, b. 
onded to a positively charged sulfur atom, has an electrophilic carbon prm and 


hence is susce € to reactions with nuc. S. er er о: е 
р S 
tible t ti h leophile: The remaind: f the molecul 


Good leaving group NH; 


N 
NH; IT yj 


HO do CHa RU NON 
Ux у 


©) сн, 
Electrophilic carbon апке” УЫ 


Methylati i i 
Briss ied of phosphatidylethanolamine to give phosphatidylcholine in bacteria 
E eus e ampie of a substitution reaction that occurs in Nature. This trans- 
The lea 2 reaction between an amine nucleophile and Sadenosylmethioni 
ng group is Sadenosylhomocysteine. и oa 


ии 
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General: 
CH Adenosyl 
1 з 
uy " апоу mos : d 
E TE | A —CH,—CH—COOH 
Le a RA H CH; 2 i 
NH 
NH, 2 
S-Adenosylmethionine S-Adenosylhomocysteine 
Specific: 
| сн 
denosyl H Я 
E ТМ n Pa 5 NÉ 
o H NH, А i | 


| 
[| | | CH,—CH, CHINH2) COOH р p__g—c-—C—H 
a m ae a | Lad 


[e н H 


Phosphatidylethanolamine Phosphatidy! N-methylethanolammonium ion 
Osp 


This same process occurs twice more to give the final product, al ha onae A 

i i i i f cell membranes. Be 

i h are the primary constituents о rane: 
component of lipids, whic | ON PAM MER 
ituti ium ion that is formed by methy n is de 

each substitution step, the ammonium ion that is formed by methylat us 
nated to liberate the nucleophilic nitrogen atom. This deprotonation is ассотрі 
by basic sites within the enzyme that catalyzes the reaction. 


rm М 


CH; 
CHs Adenosyl H. | CH; 
H М 
H "A За о н "à 
| I. 2 Сна —CH»—CH(NH2)—COOH , by B5. o. C-——C—H 
RO—P—O—C—C—H B L1 
b- " H о H H 
Phosphatidyl N-methylethanolamine Phosphatidyl N,N-dimethylethanolammonium ion 
osp - 
CH; 
CH; Сен мен a сњ ге» 
wu * 
о HUN CHTS, bn 
| Ll М хн,—сн,—сн(ин)—соон SERO l ast сен 
RO—P—O—C—C—H i 7 T 
Ly о н н 


[on H H 


i hatidylcholine 
Phosphatidyl N, N-dimethylethanolamine Phosphatidy 


i ion i iates 
Besides supplying basic groups to deprotonate the ammonium ion на 
the active site architecture can control the access and orientation of the nucleop! 


е: ne "s ey 
amino group can approach the electrophilic methyl group. Electrostatic interactio 
D ur ooh ур АДН n H H 
can also be used to anchor the reactants in the proper orientation. 
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Noncovalent interactions between the substrate molecules and 
the amino acids that make up the enzyme active site orient the 
two reactants so that only the desired transformation takes place. 


Electrostatic attraction between a 
protonated lysine side chain and the 
negatively charged carboxylate group. 


Adenosyl 


A hydrogen bond between an amide 
carbonyl group of the polypeptide 
backbone and the amino group of the 
methionine residue moderates the 
nucleophilicity of the methionine 
amino group. 


Electrostatic attraction between a 
protonated lysine side chain and the 
negatively charged phosphate group. 


The reactions presented in this section are not the only ways by which biomole- 
cules are methylated. But the reaction between Sadenosylmethionine and amines 
clearly shows that the Sy2 reaction occurs in Nature: Moreover, the mechanism is the 
same as those processes done in the laboratory with alkyl halides and related com. 
pounds that bear good leaving groups. 


XERCISE 7.16 


Another transformation that makes use of Sadenosylmethionine is the biosynthesis of 
adrenaline, a neurotransmitter, from norepinephrine. Propose a mechanism for this 
transformation, showing electron movement with arrows. 


HO H HO 
РА T£ 
@ N: (^. N—CH, 
^« HO H > HO < H 
VI ы D yun 
Norepinephrine Epinephrine (adrenaline) 


а 
ooo 


CHAPTER SUMMARY 
Section 7.1 Substitution reactions of alcohols 


* Alcohols react by an Syl or 542 pathway after the OH group is converted to a 
good leaving group. 


The alcohol OH group is converted to a good leaving group by reaction with a 
strong acid such as HCl, HBr, or HI. Substitution produces an alkyl halide. 


The most versatile method to form a good leaving group of an alcohol is to pre- 
pare its alkyl sulfonate ester derivative, which is equivalent to a balide ion in its 


leaving group ability. The formation o£ alkyl sulfonates occurs with retention of 
configuration if the alcohol is chiral. 


nm Н АА: 
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* Tosylate, mesylate, and triflate groups are the most common leaving groups of 
the sulfonate ester type. 

e Two common reagents used to convert alcohols to alkyl halides are PBrs and 
SOCly. 

e The Mitsunobu reaction is a general way to substitute the OH group of an alco- 
hol with a nucleophile. 


Section 7.2 Substitution reactions of ethers and epoxides 

e Alcohols are readily deprotonated by NaH in DMF or by a redox reaction with 
sodium or potassium metal and the alcohol itself as the solvent. 

e Ethers are prepared by the Williamson ether synthesis, an Sy2 reaction between 
an alkyl halide and an alkoxide ion. 

e Three- to seven-membered rings can be made by treating an appropriate haloal- 
cohol with base. Cyclic ether formation is the intramolecular version of the 
Williamson reaction. 

• Ethers are cleaved by НІ, HBr, ог (СНз) 3511 to form alkyl halides. The reaction 
is most practical for cleaving alkyl aryl ethers to form alkyl halides and phenols. 

e Iodotrimethylsilane is also used to cleave alkyl methyl ethers, which give methyl 
iodide and alkyl trimethylsilyl ethers. The latter can be hydrolyzed to yield the 
corresponding alcohols. 

* Epoxides are three-membered ring ethers that react readily with a nucleophile 
because the strain energy in the small sized ring is relieved. 

e A nucleophile normally reacts at the less highly substituted carbon atom of an 
epoxide ring. That carbon atom, if it is chiral, undergoes inversion of configu- 
ration. The configuration of the other carbon atom is retained during the ring- 
opening process. 


Section 7.3 Reactions of thiols and sulfides 


e Thiols are the sulfur analogues of alcohols. A thiol is less basic, more acidic, and 
more nucleophilic than the corresponding alcohol. The conjugate base of a 
thiol is a thiolate ion. 


e Thioethers, also called sulfides, are the sulfur analogues of ethers. They can 
react as nucleophiles with methyl iodide to form methylsulfonium iodide salts. 


Section 7.4 Substitution reactions in biochemical systems 


* In biological systems, phosphate ions and S-adenosylhomocysteine are common 
leaving groups in nucleophilic substitution processes. 


i 


KEY TERMS 
Section 1b Section 1d Section 3a 
alkyl sulfonate Mitsunobu reaction thiolate ion 
mesylate 
triflate Section 2b 
tosylate Williamson ether synthesis 
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REACTION SUMMARY 
Section 7.1a 


Alcohols react with HX (X = Cl, Br, I) to form alkyl halides. 


„М... HX \ 
-С—0н xram = + mo 
Section 7.1b 

Alcohols react with sulfonyl chlorides to form alkyl sulfonate esters (alkyl sulfonates). 


x он RSO,CI, base, CH;CI; (solvent) 
7 R = СНз, CeH4CH; 


\ 
“+ O—SO;R + H(base)* Cl 
base = pyridine or Et3N 


Alkyl sulfonates react with nucleophiles in the same way that alkyl halides react with nu- 
cleophiles. 


Мис 


\ \ 
X OSO;R > a + А5037 


Section 7.1¢ 
Alcohols react with РВгз to form alkyl bromides. 


РВгз 
3 ROH — 3 АВг + HPO; 
Alcohols react with ЗОСІ» to form alkyl chlorides, which is a good method by which to 


convert primary alcohols to primary alkyl chlorides. 


soci, 
ROH —— RCI + HCI + 50, 


Section 7.1d 


She Mitsunobu reaction. This procedure is an excellent method by which to replace 


the OH group of an alcohol with a nucleophile that is the conjugate base of an acid 
with a pK, value < 12. 


пон есы» R— - = 
aoco? КУУ + OPhPTO + EtO,CNH NHCO,Et 


H— Y -H—OCOR', H—OAr, H—N;, H—SR’, H—SCOR' 


Section 7.2a 


Alcohols react with a metal hydride or with an alkali metal to form their conjugate 
bases, alkoxide ions. 


NaH, DMF 
пон ALDM, R—o-Nat + H в—он SEPM, mLO-K* + H 


2 Na 
2R—oH —2N@_, p-o-Nnat + H  2R—O0H ——*—5 R—O^K* + Н, 
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Section 7.2b 

The Williamson ether synthesis. This reaction is the most general method for making 
ethers. An alkoxide ion reacts as a nucleophile with an alkyl halide or alkyl sulfonate, 
displacing the leaving group. The method works best when R’ is methyl, 1°, or 2°. 


R—O-Na* + к—Х > R—O-R 


Section 7.2c 


Cyclic ethers are formed when the alkoxide ion and leaving group are in the same mol- 
ecule. Rings with three-to-seven atoms are readily made. 


A7 


Nd 
C—X C 
NaH, DMF N 
———5 Zl NaX 
C— OH С 
ZN /N 


Three- to seven-membered rings 


Section 7.2d \ 

An ether is cleaved using НІ, HBr, or (СНз) 3911 to form the alkyl halides. An alkyl aryl 
ether forms a phenol and an alkyl halide. Alkyl methyl ethers form methyl iodide and 
an alkyl trimethylsilyl ether when treated with (СН) Sil. 


R—O—R -> RX + RX + HO Ar—O—R -Z> ArOH + RX 
R—0—CH; oe R—O—Si(CH3)3 + CHI  Ar—O—R oa ArOSi(CHs)3 + RI 
Section 7.2e 


Epoxides undergo ring opening when treated with nucleophiles. The nucleophile re- 
acts at the less highly substituted carbon atom, with inversion of configuration. The 
other carbon atom retains its configuration. 


О - O^ Ho* 
nd we, Nuc ——3À Nuc 


Epoxides undergo ring opening with use of acidic reagents by formation ofa stabilized 
carbocation intermediate. A higher percentage of product with the nucleophile at- 
tached to the more highly substituted carbon atom is obtained than in the procedure 
that uses a nucleophile without proton assistance. 


о = OH Nuc 
~~ Hue, Nuc + Hom 


Ratio depends on reaction conditions 


OH 


Section 7.3a 
Thiols form thiolate ions when treated with a base. Thiols and thiolate ions are potent 
nucleophiles and can react in Syl and Sy reactions, respectively. 


R—sH 2, в—5- 


Additional Exercises 


Section 7.3b -— СЪ methyl iodide to form methylsulfonium io- 
Thioethers can react as nuc eop 

ide salts. 
dide s ee 


| 
сы $i, c 
-— Lon dh 
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—á ADDITIONAL EXERCISES 


wing compounds: 
7.17. Drawa structure for each of the d 
. 9.Methyl-2-hexanethiol 

. Cyclobutyl methanesulfonat jol (draw the most stable conformation) 


trans 2-Phenyl-I-cyclohexane* 


ро осы 


. Isobutyl phenyl sulfide : 
of the following structures. Include stereochem- 


7.18. Give a suitable name for each 
ical descriptors where appropriate: 


c. м, %® SH 
а: b. 5 ГТ we 
HO SH а SH 
н CH; 


(the root word is aniline) 


| пс ether CgH180, can be prepared from an al- 
4.19. Which of the following isomer reaction? What starting materials would you 
cohol and an alkyl halide by 2 


use to prepare each? 


i Es І QS v^ AA 


à scribed in Section 7.3a, namely, treating an 
7.20. One way to make a sulfide wi make à symmetric sulfide, you can instead add 
alkyl halide with a thiolate jon. ation of NagS. Propose a mechanism for the fol- 
9 equiv of an alkyl halide to а ee this strategy: (Even though both steps of this 
lowing reaction that makes use "cous ethanol works fine as the solvent. Sulfide 
B are Sy2 reactions, P cleophiles that use of a protic solvent does not 
and thiolate ions are such po : 
prevent the reaction from occurring: 
te Кусуу кары + 2 NaBr 
EO! 
à [0 reaction of hydrosulfide ion, HS”, with an alkyl 
Es E а Mer" preparing a thiol. Instead, the symmetrical sul- 
alide is often a poor met 
fide is the major product. 
THE» 5н 


Attempted ~ ~ Br + ШН 


THs $$. ct HS + ОВ 


Actual ~ „с „8г + ШН 


CHAPTER 7 


Substitutign Reactions of Alcohols and Related Compounds 


Explain how and why this result is obtained [ Hint: It is the same situation that leads 
to formation of dialkyl amines from the attempted alkylation of ammonia (Section 
6.3d). Which is more nucleophilic, HS- or RS? Why? (Consider the pK, values of 
HS and RSH.)] 


7.22. А good way to make a thiol from an alkyl halide (unlike the method shown in 
Exercise 7.21) is to employ potassium thioacetate, Kt -S-CO-CH;, as the nucle- 
ophile. The product isa thioester, R-S-CO-CHs, а compound that can also be pre- 
pared by the Mitsunobu reaction. A thioester is readily hydrolyzed with dilute, 
aqueous KOH solution to produce the thiol, RSH, and acetic acid, after acidifying 
the reaction mixture with dilute aqueous sulfuric acid (H30*). As described in this 
paragraph, write equations (see Exercise 5.17 for examples) that represent the 
overall processes for the transformation RBr — RSH. 


7.93. Draw the structure (s) for the expected major product(s) of each of the following 
transformations. Indicate stereochemistry where appropriate and assign (R) and (S) 
to each stereogenic center. If a racemic mixture is formed, draw the structure ofone 
enantiomer, and write the word “racemic”. If no reaction occurs, write N. R. 


a. 1. CH,SO,CI, МЕ, CHCl, b. pou HL A 
4 C6 ку снн á нс CH,CH;CH; 7 
HO н 
| P s | 
HBr, Н;504, А H 1. NaN,, DMF 
EL Mey Ns Ns dE 
OH PhCH <, 5 2. &0* 
H 
е. H CH,CH,CH,CH f. 
Nee Е PhP, DEAD он PBrs, A 
P CHCOOH ? 
н.с OH 
5. h. OH 
sOCL, А NaH, DMF 
——À HC ——À 
Ho Br 
CH3 H3C 


4.94. What is the expected product from each of the following Mitsunobu reactions? 
Indicate stereochemistry where appropriate, and assign the (R) or ($) configura- 
tion to each stereocenter. 


OH 


Av 


OH Ph;P, DEAD, THF, 25*C 
Ё CH,CH;CH;SH 


PhP, DEAD, THF, 25°C 
CM соон 


7.95. Propose a reasonable mechanism for the following Syl reaction: 


OH 


H3PO,, H20 
OH ое но CC (92%) 
Cc Hs Cs Hs 


СН» СН 


Additional Exercises 


7.96. In d biosynthesis of domoic acid, which is an uncommon amino acid, the first 
step is the nucleophilic substitution reaction shown i x i : 
s 1 wn in the f i 
[(Х) in an unspecified but reactive group]. аА 


o- 
ноос de 36 RS 4 
+ OP \ 
4 N m 
ноос“ “мн, о PO 
- o 


(x) 


HOOC 


HOOC 
/ many steps = 
ноос“ ^N \ LE 
H 
ноос“ м \ соон 
H 


Domoic acid 


. What is the nucleophile in this first step of the overall biosynthesis pathway? 


. What is the leaving group? Propose a mechanism for the substitution process 


c. Assign (R) and (S) configurations to the stereocenters of domoic acid. 


7.97. 


Indicate what combination of reagents and solvents can be used to carry out the 


following reactions: 


— 
БЕЛ 


он 


OH 


[o 
——5 b nc wm ee [s 
о CH; CH; 


d. 
Tu cr Sende > Б А 


7.28, Explain the following observations: 


[e] 


HIC] 


Hc H 
HCI OH 
Joe "E 5 H mp 
3 
Minor Major 
\ сн;он н OCH; н OH ` 
W^ cK ОН + Сосн, 
3 


Major Minor 


———————— ee c — I NN 
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7.29. Draw the structure (s) for the expected major product(s) of each of the follow- 8 
ing transformations. Indicate stereochemistry where appropriate and assign (R) 


and (S) configurations to each stereogenic center. Ifa racemic mixture is formed, 
draw the structure of one enantiomer, and write the word “racemic”. If no reaction 


occurs, write N. R. 
Qo ELIMINATION REACTIONS OF ALKYL 
P SOON HALIDES, ALCOHOLS, AND 
RELATED COMPOUNDS 


СІ Oo. ису (е) HOH 
CH3CN 4, 
O~ H 8.1 THE E1 REACTION 


8.2 THE E2 REACTION 


f 
и 2? TsCl, pyridine ÅS A оокн, m 8.3 SUBSTITUTION VERSUS ELIMINATION 
HO a 8.4 ELIMINATION REACTIONS IN BIOLOGY 
CHAPTER SUMMARY 
8. OCH; вл h Ph;P, DEAD 
г, Ne OH снн 
cl In several places, the previous chapters noted that elimination sometimes accompanies 
і substitution, often as an unwanted side reaction (Table 6.4). Elimination reactions аге 
А important in their own right, both for the preparation of unsaturated organic molecules 
7.30. Iodotrimethylsilane reacts with alcohols and is а good reagent for euis in the laboratory and as important steps in the metabolic pathways of biochemical sys- 
iodoalkanes. Propose a reasonable mechanism for the following reaction. Show the tems. The formation of x bonds by elimination reactions is the topic of this chapter. 
movement of electrons with curved arrows. Asis the case for substitution reactions, alkyl halides and alcohols are the common 


substrates for elimination reactions. Other types of molecules, particularly organosul- 
uim dida (СНз)з5ї Ы ae ФИ fides and organoselenides, also undergo specific elimination reactions. All of these 
ud b? енен d 1 compounds are good starting materials for preparing alkenes and alkynes. Incidentally, 
alkenes are often called olefins, a name prevalent in the older literature but common 
enough today that the terms will be used synonymously. 
We will begin by looking at the elimination reactions of alkyl halides and alcohols 
because you are already familiar with the substitution reactions of these substrates. 
The equations shown in Figure 8.1 illustrate several types of elimination reactions that 
are used to generate carbon-carbon double bonds. In these examples, you see two 


н сн, H CH; 
l- H,SO,, А \ / 
H—C—C— OH С=С + H,0 
| | Z м 
H CH, H CH; 
CH; Br qu CH; 
KOH, EtOH, A 
н-с—с—н HEHA, 9 + KBr + нон 
CH; CH; CH; H 
H 0--50,CH, H Figure 8.1 — 
Examples of elimination 
$ mo > H + NaOSO;CH, + CH,CH,OH reactions of alkyl halides, 


alcohols, and alkyl sulfonates. 
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types of transformations: one, an acid-catalyzed process in which an alcohol loses the 
elements of water; and the other, a base-promoted reaction of an alkyl halide or alkyl 
sulfonate ester in which the substrate loses a proton and a good leaving group. 

As you learn about the features of elimination reactions that take place under both 
acidic and basic conditions, you will see that two limiting mechanisms exist: El and E2, 
similar to the substitution processes, Syl and Sy2. The stereochemical constraints are 
different for the two mechanisms, as are the types of molecules that react by each path- 
way. You will also see how these mechanisms give us insight into t-bond formation in 
Nature. Throughout the chapter, we will draw on information presented in Chapters 6 
and 7. At the end of this chapter will be summaries of the ways in which substitution 
and elimination reactions are related and how they differ. 


8.1 THE E1 REACTION 


8.1 THE ET REACTION ——— 


8.1a DEHYDRATION OF ALCOHOLS OCCURS MAINLY BY AN E1 Process 


There are two common mechanisms for elimination processes that create carbon-car- 
bon x bonds. The first is the El mechanism, which parallels the designation for the Sy1 
reaction and stands for elimination, unimolecular. 

The reaction of tert-butyl alcohol with sulfuric acid provides a good example of an 
El reaction, and the mechanism is similar to that for the Syl reaction. The oxygen 
atom of the alcohol functional group acts as a base, removing a proton of the mineral 
acid and forming a protonated alcohol. 


H CH; " н CH; 

| 1 E H,50,, А Il B 
H—C—C—ÓH === H—C—C—O0H; + H50, 

[1 Ф | 

H CH, н CH 


Next, a molecule of water dissociates, forming a carbocation intermediate. Notice that 
this carbocation is the same intermediate that is generated in an Syl reaction. Because the rate 
of the El reaction is dependent only on the concentration of substrate, dissociation of 


water must be the rate-determining step, just as arbocation formation in the Syl re- 


action is also the rate-limiting one. 


н CH, н с 
+ и 
H—C—C—OH, === H-C—C+ + HO 
| [VU G [ 
H Hy H CH3 


The appearance of a carbocation intermediate at this stage prompts a logical ques- 
tion: Why doesn’t substitution occur? The carbocation is a Lewis acid, and therefore an 
electron pair acceptor (Section 5.2g). Whether it accepts electrons from the nucle- 
ophile (Lewis base) or from an adjacent sigma bond is immaterial. Steric effects make 
it more likely that reaction will occur at the neighboring proton, which means that the 
electrons will come from an adjacent C-H o bond. 


HO—S0O,—0:^ 
ae \ 
S T H CH; 
VV CH Es b "d + H5O 
"E Re - == 
н” 4 “сн; / N p 
$ H CH; 


The nucleophile is attracted to the carbocation {black arrow), but this carbon 

atom is hindered by the three methyl groups. Reaction therefore occurs at a 

porn on the adjacent carbon atom, and the electron pair in the carbon- 
ydrogen bond moves to neutralize the positive charge (colored arrows). 


8.1 The E1 Reaction 


Remember that the hydrogen atoms on the adj i iti 
ljacent carbon at b 
charges because of the bond dipoles (Section 6.2b). E M 


5+ 
H ra 
\\ " Individual bond dipoles for the carbon- 
СС" hydrogen bonds: The hydrogen atoms 
stH { Й ~ on the adjacent carbon atoms are 
H slightly electropositive. 


i For secondary or tertiary alcohols, the steric bulk of the substituents especially favors 
elimination óver substitution. The interaction between these carbocations and bulk 
bases such as ESO o mbor is less favorable than reaction with the protons on the ad. 
jacent carbon atoms. Even during attempted substitution reactions with acids such as 
HBr, in which the conjugate base is a good nucleophile and relatively small, steric effects 
contribute to the formation of an alkene by elimination. We refer to the conven ofan 
alcohol to an alkene as dehydration because a molecule of water is eliminated. 


OH 
НРО, 


EXERCISE 8.1 


Draw the structure of the major product expected from elimination of water from 
each alcohol in the following reactions: 


а. b. 


Ph — H0, 80°С А dis H;PO,, 120°C 
OH OH 


8.1b Ам E1 REACTION UsuALLY PRODUCES THE MORE 
HIGHLY SUBSTITUTED ALKENE 


For the El reaction of an unsymmetric alcohol—2-pentanol, for example—we find that 
two products are formed in a ratio of 70:30. The major isomer is 2-pentene. 


он 
CH,CH,cH,—CH—CH, 9802 , сн,сн,сн=сн—сн, +  CH;CH,CH,—CH=CH, 
2-Pentanol 2-Pentene 1-Pentene 
Ratio 70:30 


M : : 
S iar than a century ago, the Russian chemist Alexander Saytzeff recognized that these 
ination reactions of alcohols under hot, acidic conditions produced the more 


highly substituted alkene, that is, the alkene with more groups bonded to the double- 


ond carbon atoms. Many subse d h 
Em у quent studies have confirmed the ge i- 
1 3з g nerality of his іпі 


as Looking at the mechanism, we expect the first step to be protonation of the alcohol 
group, which is followed by loss of water, generating the carbocation intermediate. 


RN © *OH, @ 


снусн,сн,—бн—сн, sasos 1 2e 


—HSO,- 


CH,CH,CH;—CH—CH, +=====®  CH,CH,CH,—CH— CH, 
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Hydrogen sulfate ion acts as a base and abstracts one of the neighboring protons to 
generate the products. The reaction yields 2-pentene via pathway a, and 1-pentene via 
pathway b. 


Pathway a 


” Ho = 

ree | HSO,” 

бњен a E-H ===—=* CHQCHQCH—CH—CH, + HSO, 
H H 


Pathway b 


H H^ 
| | HS0,7 
CHCH,— 6 G7 CH ====* CHQCH,CH,—CH—CH, + H,SO, 
H 


Instinctively, you might think that reaction of the hydrogen sulfate : ion would occur 
preferentially via pathway б, becausé the terminal carbon atom is less hindered than the 
secondary carbon atom. Furthermore, there are more hydrogen atoms attached to the 
methyl than to the methylene group, so statistically there is a 3:2 chance that reaction 
will occur via 5 versus a, ignoring other effects. How do we explain the fact that path- 
way a predominates? 

The simple answer is that Е1 reactions occur with thermodynamic control, mean- 
ing that formation. of the more stable product predominates. (The other possibility is 
kinetic control, which means that the product formed more rapidly predominates.) 
Alkenes that are more highly substituted are normally more stable (Section 8.1c). [Also, (E)- 
alkenes are usually more stable that the corresponding (Z)-isomers, and trans isomers 
are more stable than analogous cis isomers.] Elimination reactions that occur under 
thermodynamic control are said to form the Saytzeff product. 

The reaction coordinate diagram illustrated in Figure 8.2 helps explain thermo- 
dynamic control in the Е1 reaction of 2-propanol. The first step leads to formation of 
the carbocation intermediate, and the second step generates the isomeric products. 
Note that two products are formed from the same carbocation intermediate, and their 


energy profiles differ. 


22 ММА? + ЊО + H50, 


bu t ж МЫН le 
H 


H OH Cw + H,O + H50, 
Reactants Intermediate Products 
умо Y^ 


Thermodynamic control is important in reaction systems that satisfy three criteria: 


e The process labeled K (the pathway under kinetic control) in the scheme shown 
directly above is an equilibrium. 

Sufficient energy is available to the system that both the forward and reverse 
steps of equilibrium K can and will occur. 

The product from process T (the pathway under thermodynamic control) is 
lower in energy than that of K. (Step T may also be an equilibrium but this fea- 
turé is not required.) 


You will encounter the kinetic versus thermodynamic control ofa reaction again in Sec- 
tions 10.3b and 22.2e. 
| Under thermodynamic control, any 1-pentene that does form will undergo the re- 
| verse reaction to regenerate the carbocation; eventually, a majority of the material will 
be converted to the compound with the lower energy, which in this case is 2-pentene. 


— 


8.1 The E1 Reaction 


Intermediate carbocation 
VE (common to both products) ~~ ГО 
H 


IOS A 
cd + њо + H50, 


+ HO + H,SO, 


Energy 


Reaction coordinate 


‘EXERCISE 8.2 


What are the three possible elimination products for the following reaction? (Two of 
the products are enantiomers.) Which one is expected to be the major product? 


H;PO,, A 
M 


8.1c THE RELATIVE STABILITIES OF ALKENES CAN BE ASSESSED BY 
MEASURING THE CHANGE OF ENTHALPY FOR HYDROGENATION 


The notion that double bonds become more stable as additional groups are attached 
to the sf^-hybridized carbon atoms provides a useful guide to predict the major prod. 
ucts ofan elimination reaction. The actual data used to determine the relative ue 
ties of alkenes come from measuring the amount of heat evolved when Sid abs 
hydrogen adds to the olefinic т bond to create two new carbon-hydrogen с bonds (ly. 


drogenation) ‚ а transformation we will examine more closely in Chapter 11. 


Ya H So 
^ к" Pd catalyst” H F с H + АҺА 


An instructive example compares the Pd-catalyzed hydrogenati i 
butene and trans2-butene. Each alkene forms the ae i a a Шо - 
each pathway finishes at the same energy. Comparing the two reactions, we find dat E 
oo of 1-butene, 30.3 kcal тог! is evolved, whereas for 2-butene, only 27.6 
ae ые Because reaction of the l-isomer produces more heat, it must 
Ка; 1 Aigher enthalpy (heat content) to begin with, as shown schematically in Fig- 
Fore stable dp аи produces less heat during hydrogenation, meaning that it was 
If you were to examine a series of substituted ethylene derivatives, you wou 
oo with more alkyl groups attached at the ends of the double bens s 
ae ‘at during the hydrogenation process. Moreover, by comparing data for many 
m types of alkenes, we find that tetrasubstituted alkenes are normally more stable 
trisubstituted alkenes, which are more stable than disubstituted alkenes (and 
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Figure 8.2 

A reaction coordinate 
diagram for the reaction of 2- 
pentanol with H5SO,, giving 
1-pentene and 2-pentene. The 
energy profile associated with. 
the pathway leading to 
formation of l-pentene is 
shown by the line in color. 
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CHAPTER 8 
b. 
H3C H 
\ / Ha Pd catalyst BE p 
Н F EN Mie -303 keal mol ^ єнүсн НЕЬ с=с 
H CH; / N 
= H CH; 
a т т 
H3C H © © 5 
X ГА Hz, Pd catalyst = Е Е 
= АН = -27.6 kcal mol” CH;CH;CH;CH; ч E Ei 
/ X secs m o 
H CH; R 5 
Ш Ш 
I r 
a 4 
CH,CH;CH;CH; 
Figure 8.3 


A comparison of the enthalpy changes for the hydrogenation of 1-butene and 2-butene. 


trans- are more stable than cis-), which in turn are more stable than monosubstituted 
alkenes. These are the results we need to rationalize the formation of the Saytzeff prod- 


uct in the El reaction. 


Tetrasubstituted Trisubstituted Disubstituted Monosubstituted 


R&C-—R > R,C—CHR > RCH—CHR = R,C=CH, > RCH=CH, 


Less stable 


More stable E 


EXERCISE 8.3. 
Arrange the following alkenes in order of increasing amount of heat that would be 
evolved during hydrogenation with a Pd catalyst. 


BED o 


While on the topic of alkene stability, pay attention to one other common alkene 
type. A carbon-carbon double bond that is endocyclic (within a ring) is normally more 
stable than one that is exocyclic (outside the ring). 


"d 
Generally more stable than 


Endocyclic double bond Exocyclic double bond 


Exocyclic cycloalkanes are often named as derivatives of the parent cycloalkane. The 
substituent prefix for these substances ends in -ylidene except for the simplest sub- 
stituent, which is called methylene. Illustrated below are the general structures, followed 
by some specific compounds and their names. Note that exocyclic double bonds can 


exist as (E) and (Z) isomers. 


iori аен 


лт 
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/ CH; / С 
{NAN РА c Р c 
a CY сњ Cr “cH, { DP “ен; 


Methylene Ethylidene Isopropylidene 


Benzylidene 


onm em 


Methylenecyclohexane Isopropylidenecyclopentane — (E)-3-Bromoethylidenecyclohexane 


Name each of the following compounds: 


8.14 ALKYL HALIDES ALSO UNDERGO THE E1 REACTION 


Sofar, we have looked at the El reaction i i 
e ^ only as it applies to alcohols, but alkyl hali 
rM participate п El reactions. The carbon atom of an alkyl halide fer d 
g group, so such compounds can ionize to produce a carbocati olvol 
sis conditions (Section 6.2a). For exam Ci Pug M T 
2а). ple, at 65°C in aqueous eth -l -2- 
methylpropane undergoes ionization to yield the ao dae 


eu CH, 
7, — EtOH, но 
CH;—C—Br = "E Br^ 
(©) 
CH; ba, 


Then, the com eting раім; о: i i e о ccur, producing а mix- 

> p ер ays f substitution and elimination o р 1 g 

ture of 2-methyl-2. 1 а à i 
methyi-<-propanol ап 2. methylpropylene in a ratio of 64:36. 


Substitution 
eae ie М D 
CH,—c* i = + H20 Leas 
=  CH,—C—O: — CH—cC— + 
I T | X © 3 | OH + њо 
з CH; Н CH3 
Elimination 64% of the product mixture 
i 3 CH; 
CERTE pe NN CH l F HOt 
3 Р H3 
HoH Nen, 
H 36% of the product mixture 


Notice that a si 


Course of the reac zable quantity of substitution product is gen 


, in contrast to the 


tion between tert-butyl alcohol and sulfuric acid. The reason is simple 
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enough Wang sn as hindered as HSO 7, and it is also more nucleophilic. Both facets 
facilitate reaction at the positively charged center, which yields the substitution product. 
Solvolysis conditions for the reactions of alkyl halides normally make-use of solvents 
that are also decet nucleophiles (water and alcohols), so an Е1 reaction that starts with 
an alkyl Rande s Wor practical as a preparative method for alkenes. A mixture that con- 
sists of substitution and elimination products is nearly always observed. Because an alkyl 
halide also undergoes elimination when treated with a strong base, as described in Sec- 


tion 8.2, that method is preferred for making alkenes and alkynes from alkyl halides. 


8.2 THE E2 REACTION 


8.2a ELIMINATION REACTIONS OF ALKYL HALIDES OR SULFONATE 

Esters ARE NORMALLY CARRIED Out UNDER E2 CONDITIONS 
When treated with a strong nucleophile, tertiary alkyl halides undergo elimination 
rather than substitution because steric hindrance prevents the backside approach re- 
quired by the Sy2 reaction (Section 6.32). 


H3C 
x НСА &5* 57 
:OH™ TOUR —> Мо substitution reaction 
H3C 


In the elimination reaction, the nucleophile acts instead as a base, approaching the 
protons on the carbon atom adjacent to the one bearing the leaving group. Remember 
that these protons are electrophilic because of the C-H bond dipoles (Section 8.1a). 
As one of these hydrogen atoms is removed by the base, the electrons in the C-H 
bond move to generate the T bond and expel the leaving group, а concerted process 
called dehydrohalogenation. The rate of this reaction depends on the concentrations 
of both substrate and base, so it is bimolecular, and this pathway is the E2 mechanism. 


H3C H CH; 
" НСА k5* 57 \ И 
:ӧн- jae г — F8 
Ne He. H CH; 
VH 
H 


The mechanistic differences between the El and E2 reactions also manifest them- 
selves in the stereochemical results. Just as you learned for the substitution reactions, 
stereochemistry is less important for a unimolecular process because a planar carbo- 
cation is formed, so chirality at the carbon atom with the leaving group is lost. 

For an E2 reaction, the hydrogen atom and the leaving group are almost always 
anti (Section 3.1c) in the transition state, which requires this conformation to be ac 
cessible if a reaction is to occur readily. Recall that the Sy2 reaction occurs by bac side 
reaction of the nucleophile at the carbon atom with the leaving group (Section 6.3b). 
In the Е? reaction, the same principle applies; what differs is the source of the electrons 
that actually displace the leaving group. Е е 


The electrons that displace the leaving group come directly 


ШЕ 542 from the nuclelphile, and reacton occurs atthe side of the 
» carbon atom opposite to the C-Br bond. 
rN 


ia The electrons that displace the leaving group come from the C-H 

E m E2  g bond, even though they originate with the base. This 

е displacement also occurs on the side opposite to the C-Br bond. 
r 


anti Conformation 


8.2 The E2 Reaction 


Dehydrohalogenation is often referred i 
1 to as D-elimination. Thi i i 
from the relative structural relationship (Section 5.5b) зр ic n тна 


ton and the leaving group. For а dehydrohalogenation reaction, the proton being ге- 


moved is attached to the carbon atom p to the halogen atom 


c—c—c—c—Br BEA 
Boy Bo 4 


A B-elimination reaction 


8.2b DEHYDROHALOGENATION May PRODUCE 
THE Less STABLE ALKENE 


Even with the requirement that a leavin: 
i g group and -hydrogen atom be anti 
reaction normally gives the Saytzeff product, that is, the more highly сре сш and 


sable isomer. The following transformation illustrates this result for the E2 reaction of 
-bromooctane using the base 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), a valuabl 
C" in organic chemistry when a base is required. DBU is a poor | ile b : 
R ‘ ` = $e dea 
ause of steric crowding of the nitrogen atoms, so substitution reactions are minimized. 


es 


NINO 
Ere. - (DBU) Ss 4 o S SS 
Br 90°C, no solvent 
Ratio: 4:1 


Iti : 
б Я d a however, for the less stable product to become the major one durin: 
у ogenation because the stereochemical requirements of the E2 ornare 


only removable hydrogen atom puts two large 


р Ee ата раз мо тне groups c to опе аполегш Ше pr - 
uct. The E2 reaction of (15,25)-I-bromo-1,2-diphenylpropane is illustrative. Е 


у 
HH cH, н 
ada te, Y-d 
CH X Ez ^ =c, 
Ph B Ph Ph 


(15,25)-1-Bromo-1,2-diphenylpropane (Z)-1,2-Diphenylpropene 


The two h i у 

е; 
i El р пу substituents must be gauche when the bromine and hydrogen atoms are 
anti Elimination in this conformation produces the (2) isomer as the major product 


H and Br are anti 


Phenyl groups are gauche 


Compar 
€ that res i i 
E. ult with the course of the El reaction that starts with this same 


override ici | 
ide the thermodynamic influence. Most often, this result is obtained when the | 
| 


WM 
MM 
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H H CH, Ph 
8 Н.О, EtOH, А 

ocean ет с=с 

CH3"{ X б К, 
Ph Br Р 


a 5,25)-1-Bromo-1,2-diphenylpropane (E)-1,2-Diphenylpropene 


In the first step of the El pathway, a carbocation intermediate forms after dissociation 
of the bromide ion. (A rearrangement can occur here as well, but we will ignore that 
————— 


pathway.) 


Ё j \ 
$ АРҺ H:O, EtOH, A л А 
АСС — aC CS 
сњ ү ЕГ, CH," f Рп 
Ph Br Ph 


LUE. akout фе. carbon-carbon 9 bond occurs to move the phenyl groups 
art. 


H i H 
180° rotation about the 
M tew C-C sigma bond Y teow 
wih QM 
Сну Ph сну н 
Ph Ph 


After rotation, the phenyl groups are farther apart. 


Finally, deprotonation of the charged intermediate yields the (E) product, in which the 
phenyl groups are trans to each other. 


4 H CH, Ph 
nó Kode L, Y-d + њо? 
2M сн" “н d 3 
Ph Ph H 


(E)-1,2-Diphenylpropene 


The El reaction has no requirement about the alignment of the leaving ВВ and B- 
hydyogen atoms. For that reason, the thermodynamically stable product predominates 
in nearly every El reaction. a 


____ _ O—ED— Eee 


EXAMPLE 8.1 


Draw the structure of the product expected from the following E2 reaction. Show the 
mechanism for the elimination step with curved arrows. 


H H 


А éd кон, HOA |. 


/ \ 
H,C—CH, Ph 


— 


To solve this type of problem, draw the molecule in the conformation that places the 
leaving group (chloride ion in this case) anti to the proton on the adjacent carbon 
atom. Then show electron movement from the base to the proton to form the л bond 
and displace the chloride ion. Redraw the product in its standard format (i.e., flat). 
keeping the relative orientation of groups the same. 
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Hö H н HO — Ph  mc—c Ph 
сс х АН 
H,C—CH;4 E њен; С = =£ 
HC cl H3C H3C H 
d- 


H and Cl are anti 


EXERCISE 8.5 


Draw the structure of the product of the followin; i 
| g E2 reaction. Draw the possible stag- 
gered conformations about the central C-C bond, and then indicate which one is М 


volved in the elimination process. Show th i i 
mechanism for the eliminatio i 
curved arrows. TOM 


Ph H Ph WIP 
HCa $ Each; KOH, CH;OH, M E f 
a > С © way CH 
E C 
He AL 
8.2c IN THE E2 REACTION OF A CYCLOHEXYL HALIDE, THE PROTON 
AND LEAVING Group Must ВЕ TRANS AND DiAXIAL 


The geometric constraints of the E2 reaction are even more crucial for cyclic compounds 


For example, consider the reaction between bromocyclohexane and a strong base 


" B 
r 
CY KOH, EtOH, A ex 
———À 
H 
H 


H 


Bromocyclohexane Cyclohexene 


The hydrogen atom and leaving group can assume an anti orientation only if both 
groups are trans and diaxial. If they are not diaxial, then the cyclohexane ring must un- 
ergo a ring-flip into its other chair conformation. 


н H 
pes go X 
H H 
H 
H Br 


The bromine and hydrogen Th i i і 
е bromine atom is anti 
atoms are gauche. to the axial hydrogen atom. 


HO —.. 
H 
VA. > “2 
Br’ H 


When more than one i i 
pathway exists by which eliminati 
рд оп can occur, the Saytzeff 
Con more highly substituted alkene) will be ааа pretese aly, STE 
xample 8.2. When a substituent on the ring prevents formation of the 


Saytzefr 
A product, the i i А fe, RES 
is addressed in = A = highly substituted alkene will be formed. This situation 
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EXAMPLE 8.2 


What is the major product of the following reaction? Justify your answer. 


H 
„Вг 
эй KOH, EtOH, А 
————? 
P CH; 


First, draw the cyclohexane in its two chair forms. For the conformation that has the 
leaving group in an axial position, show all of the hydrogen atoms at the positions ad- 
jacent to the carbon atom bearing the leaving group. 


Н H н H 
BË a H 
u 70 H 
H CH; 
CH; Br 


Next, consider the reaction of the base with each B-hydrogen atom trans to the leaving 
group, showing how the electrons move to displace the leaving group. 


HO — 
HOS, 
H Hi H H 
; Oh ees) Ф 
— — 
H H 79 
CH CH; CH. CH; 
Spro ?er 


More highly substituted 
alkene—major product 


Finally, decide which will be the major product. If more than опе product can be 
formed, then the one with the more highly substituted double bond is the major prod- 
uct. In this case, more 1-methylcyclohexene than 3.methylcyclohexene is formed be- 
cause the 1-methyl isomer has a trisubstituted double bond, whereas the 3-methyl 


isomer has a disubstituted double bond. 


EXERCISE 8.6 | 
What is the major product of the following reaction? Justify your answer. 


ca 


H Æ 
CL 
S KOH, EtOH, 4 
———— 23 
н 
CH; 


In any elimination reaction of a cycloalkyl halide, substituents on the ring can in- 
hibit the E2 reaction if the energy barrier for a ring-flip is raised substantially. This ef 
fect is particularly clear when one substituent is the tertbutyl group, because of its 
preference to be equatorial (Section 3.3c). Conversely, a conformation that holds the 


halogen atom in an axial position will increase the ease of elimination. 


aram alpen oa 


FERC TIN BO ITM Айлуу CCR er тагыда 


8.2 The E2 Reaction 


lain, usi И 
E. E leat drawings, why trans-1-bromo-4-tertbutylcyclohexane reacts 500 Che” 
ied out usi y than cis-1-bromo-4-iertbutylcyclohexane when an E? reaction is car- 
ne ing potassium tert-butoxide as the base. 


Hams 


t 


8.2d THE E2 REACTION Is A LIKELY PATHWAY FOR THE ОЕНҮ 
OF PRIMARY ALCOHOLS 


ense halide, an alcohol cannot undergo an E2 reaction by reaction with strong 
Me eon an alcohol. nae, isa poor leaving group under such conditions. Instead, as you 
BE fe. a good leavin undergoes elimination when treated with a strong acid, which gen- ‘ 
by the El pathway mh «aO: Fora secondary or tertiary alcohol, dehydration occurs this 

A primary alcohol rbocation intermediate (Section 8.12). 
cannot form a carbocation, however. After protonation of the 


OH group in Step 1 : : : 
acid by аа primary alcoho! reacts with the conjugate base of the mineral 


Н н H H 
HU sor нң © 
y Өн “у кайыс ТА 
КЪ, ‘| 
R R R’ 
H 
: „Н H 
usó, ` 4 | 
4. Hes oe R. 4C ` 
B сё oy + SO, + њо 


Вес 1 
B ccm e primary alcohol is sterically unencumbered at the carbon atom bearing 
ESL wih A кешеа can also take place even though the nucleophile is 
S din which a acid as the reagent, an alkyl sulfate ester (a derivative of sulfuric 
proton has been replaced by an alkyl group) can be formed. 


n] н OSO;H 
HSÓ,- H € 
Ми "— h Cm-H 
x Cdn, r3 New Nt њо 
K \ ‚ ah H 
A 


An alkyl sulfate ester 


Moreover, 
, any al 
y alcohol molecule not protonated in Step 1 can function as a nucle- 


Ophile to 
produce the corresponding symmetrical ether. 
H 
А] 
ПА 
ENE H 
A NA Vi 
H € H 
R' Mode а, Lay CH; CH; H 
XO Сон, бу Ed ^o^ NZ + но + Hf 
Fal 1 mR! 
R’ В” R 


ENA E e 
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With the high temperature needed to induce elimination, these side reactions make 
acid-catalyzed dehydration a poor method for converting a 1° alcohol to an alkene. 
Suppose you want to prepare an alkene from a primary alcohol? A preferable strat- 
egy is to convert the alcohol to its alkyl sulfonate derivative (Section 7.1b), and then 
carry out an E2 reaction with base, as described previously for alkyl halides. Recall that 
this same strategy— preparing an alkyl sulfonate ester—is the best way to perform sub- 
stitution reactions of a primary alcohol (Section 7.16). > CES 


н С CHO! Н гг KO-t-Bu, t-BuOH . R [e 
“Ус “Хон ^ pyridine ^x “от ш bd E: 
^ү >A 
NY Rh R’ 


reer as 


EXERCISE 8.8 


What is the major product of the following reactions, including stereochemistry, under 
each set of conditions? Consider a rearrangement process in the acid-promoted reaction. 


н CH; 
f н 


1. TsCl, pyridine 
2. KOH, EtOH 


8.2e AN ALKYNE CAN BE PREPARED BY Successive E2 REACTIONS 

oF GEMINAL AND VICINAL DIHALIDES 
So far, you have seen that alkyl halides undergo elimination reactions to form alkenes. 
It may come as little surprise that a dihaloalkane can undergo E2 reactions as well, first 
to generate a vinyl halide, and then to form an alkyne. 


а c c 
M N 

E SE — Pags — —c=c— 
H H H 


The stereochemistry of the product is not an issue because each carbon atom of the 
final product has only a single substituent. Therefore, the substrate can either have the 
halogen atoms attached to the same carbon atom (geminal) or to adjacent carbon 
atoms (vicinal). These types of compounds are called geminal dihaloalkanes and vici- 
nal dihaloalkanes, respectively. 


7 | q СІ 
UD A geminal dichloroalkane m E A vicinal dichloroalkane 
cl 


A powerful base is needed to carry out the second dehyd rohalogenation reaction, 
and the conjugate base of an amine is often used. Sodium amide, NaNHs, in liquid 
ammonia as the solvent (bp = ~33°C), was the preferred base for many years. Now, the 
use of amide.ions like LDA (Table 5.4 and at left), is more common. А 107 alcoholic 
KOH solution or an alkoxide ion, especially | potassium terébutoxide in lertbutyl alco- 
hol, DMSO, or THE, is also used to effect elimination of HX from vinyl halides to form 
alkynes. 

As the following examples show, these transformations can be carried out stepwise, 
via formation of a vinyl halide, or in one step, generating the alkyne directly. 


8.3 Substitution versus Elimination 


н В 
+ „Вг 
K* ~O-t-Bu Br LDA 
= ? ? 
b. " ether — THF, 0-25°C THF, —25 | 
е г H then warm to 25°C 


£L Я 
оо] asm The Бегом sen 


K* "0-t-Bu 
DMSO, noc ^ с=с—н 


PA CHBr 


Br 


| EXERCISE 8.9 


What is the product of the following reacti 
the second step? 


HOO SU CM 1. KOH, EtOH, A 
Be m 2. H2504, H,0 


а 


8.3 SUBSTITUTION VERSUS ELIMINATION 


8.3a ALKYL HALIDES REACT PREDOMINANTLY 
Via BIMOLECULAR PATHWAYS 


Table 8.1 


тале ОУН 


Elimination versus substitution reactions of alkyl halides and sulfonate esters 


e 


Substrate Weak base 


Moderate bası 
Good nucleophile" i 


Good nucleophile^ 


Strong base" 


ЯА < 


S42 With good nucleophiles; 


E2 with poor nucleophiles 


1° Alkyl halide or Sy2? 
sulfonate ester А id 
and heat 
2° Alkyi halide or Sul E 
м1 or 542 542“ 
sulfonate ester Some E1 at higher E2 At higher e 
temperatures temperatures 
3° Alkyl halide or S41 and E1 E2 Е2 


sulfonate ester E1 predominates at 


higher temperatures 


————————— 


‘See Table 6.3. 


Th 
TOM are the weak base nucleophiles shown in color in Table 6.3. 
more basic the nucleophile, the more dominant the E2 pathway becomes. 
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on? What is the purpose of sulfuric acid in base \ l Kop) oe prete = 


E 
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\ 


products. Elimination becomes probable only when the base is hindered and the tem- 
perature is raised. In general, higher temperatures promote elimination over substitution, — 
"For tertiary alkyl halides-anct sulfonates, the E? mechanism predominates. Even 
good nucleophiles that are relatively weak bases will promote elimination over substi- 
tution for these tertiary substrates. 
The ambiguous cases comprise the secondary alkyl halides and sulfonates because 


all four ipe cr ni are possible. Good nucleophiles and low temperatures favor 


substitutionW(Sy2), but even moderately basic nucleophiles and heat favor elimination 
ES Tf the nucleophile is а weak base, especially under solvolysis conditions, Snl and 
ЕТ pathways become more important. Remember: The bimolecular mechanisms offer 


more stereochemical control. 


8.3b ALCOHOLS REACT PREDOMINANTLY BY Sui AND E1 PATHWAYS 


Unlike the reactions of alkyl halides and sulfonates, transformations of alcohols nor- 
mally occur by the Syl and El pathways, as summarized in Table 8.2. In all substitution 
or elimination reactions of alcohols, a strong mineral acid is required first to convert 
the OH group into a , good leaving group. By contrast, a Strong base such as LDA con- 


verts an alcohol to its conjugate base, an alkoxide ion (Section 72a). ~ 

Primary alcohols either react slowly or require vigorous conditions such as pro- 
longed heating. Elimination is particularly difficult to accomplish when an alcohol is 
primary, so conversion to a sulfonate ester derivative is a preferable strategy if you want 
to make an alkene from a 1° alcohol. An acid that has a strongly nucleophilic conjugate 
base such as HBr or HI promotes reaction of a primary alcohol via a concerted path- 
way rather than by formation of a 1° carbocation. 

Secondary and tertiary alcohols react under acidic conditions mainly to form a 
carbocation intermediate. If the conjugate base of the added acid is a good nucle- 
ophile, such as Br or Г, then substitution is more likely than if a weak nucleophile like 
HSO4 or НРО is present. Remember, however, that the outcome of a reaction that 
occurs via a carbocation is less readily controlled than one that proceeds by a concerted 
pathway. For that reason, conversion of a 9° alcohol to its sulfonate ester derivative is 


more valuable for synthetic purposes. 


Table 8.2 Elimination versus substitution reactions of alcohols. 


Substrate Weak base Weak base Moderate or 
Poor nucleophile” * Good nucleophile^ 4 strong base’ 
4° Alcohol E2 at very high temp Sy2 (after reaction No reaction 
(after reaction with with HX to form a 
HY to form a good good leaving group) 
leaving group)" 
2° Alcohol E1 (after reaction with 41 and £1 (after reaction No reaction 
HY to form a good with HX to form a 
leaving group) good leaving group 
3° Alcohol E1 (after reaction with S,1 and E1 (after reaction No reaction 
HY to form a good with HX to form a 
leaving group) good leaving group) 


OÜ ERN. 


“See Table 6.3. 

54 strong acid is required to generate à good leaving group. Very strong bases such as LDA react 
with alcohols via deprotonation of their OH groups (Section 7.2a). 

“For HY, examples include H,SO, and H,PO,. 

4gor HX, examples include НВг and НІ. 


8.3 Substitution versus Elimination 


g.c THE TYPE OF PRODUCT BEING PREPARED HELPS TO CHOOSE 


WuicH MECHANISM—Sw1, E1, Su2, OR E2—Is Most LIKELY 


When faced with the choice as to which mechanism is likely to occur for a reaction that 
starts with an alkyl halide or alcohol, you will likely make use of the data in Tables 8.1 
and 8.2. Realize this essential point, however: Substrates and reagents are chosen for reac- 
tions because there is a well-defined goal in mind. Either you are trying to substitute the leav- 
ing group, or you are trying to promote elimination to form ат bond. If you want to 
make an alkene, for example, you will choose conditions that favor elimination—you 
will not use а reagent that is likely to give a mixture of products. ú 
This consideration of the reaction context is most important for secondary sub- 
strates because they can react by any of four possible pathways that ultimatel del end 
on the experimental conditions. The following example illustrates how па th 
context of the reaction conditions into account. А 


Do —— 


EXAMPLE 8.3 


Draw the structure(s) of the product(s) of the followi 1 1 j 
product and explain your reasoning. uis d нети 


CH;CH;CH; 
HC с NaCN . 5 
не \ DMF s 
Br 


M 


First, identify the type of substrate undergoing reaction. In this case, the compound i 
a2 alkyl halide. Next, consider the reaction conditions. The а i 
cyanide ion, a strong nucleophile and a reasonably good base (its conjugate acid is 
HON, which has a pK, value of -10). The use of a polar, aprotic solvent will promote 
substitution via the Su2 pathway, which will occur with inversion of configuration. The 
elimination reaction will occur via the E2 pathway to produce the trans-disubstio ted 
alkene, which is the most stable alkene product possible. ws 


ченен» CH,CH,CH; H CH,CH 
H3C "uc NaCN Heu, \ Ts 
не DMF РА ü = 
3 нс” \ / \ 
г CN нс H 
! Sy2 product — Е 
(inversion of configuration) 2 product (trans) 


“Sees E Table 8.1, the Sy2 and E2 reaction pathways are both possible. We desig- 
m t ipe product (shown in color above) as the major one because of con- 
Me ed і а set out to make the alkene, we would have used a strong base such as 
Er e ion in a protic solvent such as ethanol. By specifying a strong nucleophile in 
ps ; aprotic solvent, we are evidently trying to maximize the amount of substitution 
product. Some elimination product will be formed, however. Cyanide ion is a str 
enough base that we cannot count only on substitution. ER 


B OO _ __._ ————ъы——— 
EXAMPLE 8.4 


Draw the structur f i . 
BE answer. e(s) of the major product(s) of the following reaction. Rationalize 


CH;Ph 
Ph > C NaN; М 
нс \ DMF 
Br 
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First, identify the type of substrate undergoing reaction. In this case, the compound is 
a benzylic, 3° alkyl halide. Next, consider the reaction conditions. The nucleophile is 
azide ion, a strong nucleophile as well as being a base with weak-to-moderate strength 
(the pK, value of HNg is ~ 5). The solvent is a polar, aprotic one, which is normally used 
in Sy2 reactions. Because tertiary alkyl halides do not undergo substitution via the Sy2 
pathway, elimination via the E2 pathway will predominate. 

To predict which possible E2 product will be the major one, we expand the struc- 
ture of the alkyl bromide to see which conformation will lead to formation of the most 
stable double bond upon dehydrohalogenation. In this example, the major product is 
the (E) trisubstituted alkene. 


Ph n m d Ph H Ph ph 
s cn а с=с HC (С, c б=с 
[OX DMF / \ DEN Ph DMF / \ 
Br Ph HC Ph Br H H3C H 
(E) Trisubstituted (Z) Trisubstituted 
H 
| Ph FR 
H N s к А 
wee 225 po Disubstituted (minor) 
H | HC 
Br 


EXAMPLE 8.5 
Draw the structure (s) of the product(s) of the following reaction. Identify the major 
product and explain your reasoning. 


p 


The starting compound is a 2° alcohol, and the other reactant is HBr, the conjugate 
base of which is a strong nucleophile. According to Table 8.2, both Syl and Е1 reaction 
pathways are likely. The Sul reaction will occur with racemization (although no stere- 
ochemistry is shown for the starting alcohol so we can ignore stereochemistry in the 
product as well), and the elimination reaction will produce the trisubstituted alkene, 
which is the most stable alkene product possible. 


Br 

СНз вол CH; xi» ns 

Зач + + 
OH Br 


Direct Rearranged E1 product 
substitution product substitution product 


Arearrangement is also possible in this case. Looking at the following mechanism, you 


can see that a secondary carbocation is produced at first. A tertiary carbocation will be 
formed if rearrangement occurs by a hydride ion shift. 


H 
CH; CH; єн» +CH 
— НВг, А 
CX a CX SS У un E 
бн x H+ T^H H 
OH; H 


о 


2° Carbocation 3° Carbocation 


8.4 Elimination Reactions in Biology 


, We predict that the substitution products will predominate under th di 
tions. The rearranged substitution product is chosen as the major one tee 
greater stability of the 3° carbocation. The justification for ihe choice of ubi ü s 
over elimination is based again on perspective: The Syl and Е1 reactions гос ai 
through the same carbocation intermediate, so they are always linked. If th: аа 

tion product had been desired, then an acid such as Нә$О. тоша fics b on hoa 
instead of HBr. Notice that elimination from the 3° aa ivi he e Шеше 
as that formed by elimination from the 2° carbocation ни 


re —— — ——— 


EXERCISE 8.10 


Complete the half-finished mechanism shown in Example 8.5, accounting for the for- 
mation of each product. Also, show that the 2° and 3° carbocations give the same eli 
ination product, 1-methylcyclohexene. m 


EXERCISE 8.11 


Draw the structure (s) of the product(s) for each of th i i 
| A e followi i 
major product in each and explain your reasoning. ИЕ 


b. c. 


CH3 NaOCH 
EX y NOH H, А CH,SH 
DMSO Hu Br u^ 
OSO;CH; X CH,OH 


8.4 ELIMINATION REACTIONS IN BIOLOGY 


The E2 reaction is an indispensable transformation in the synthetic methodolo; f 

ganic chemistry because it is a versatile way to prepare alkenes. It is жойы eii 
whether biological systems exploit this same mechanism. If the E2 reaction 151 a 
in biological systems, three features should be evident: аы 


: The subsea will have a good leaving group or a group readily converted to one. 
. A base will be present to remove a proton from the carbon atom В to the leaving group 


3. The substrate molecule will be bound at an enzyme active site in the orientation that 
favors anti elimination. 


E uo. aie examples of elimination reactions known to occur during me- 
"n dod о И jese BEE ise occur when the substrate molecule has a pro- 
а ee sri E other, as determined by the stereochemistry of the 
EIS ыз Wes an enzyme active site can satisfy the three criteria 
Phone iP x Е а е le base be provided? Several amino acids in the protein 
ee Por cem es ve side chains that are basic, so this provision is not unrea- 
aa ae е ш atom in the imidazole ring of histidine (Table 5.8) 
es ч in living systems. The imidazole ring in the side chain of his- 
Eun g enough to remove a proton from water at pH 7, although the equilib- 
ies to the left for this simple acid-base reaction. 


NH N - N 

JL) ere Pa 
HOOC N HOOC N 
H 


Histidine pK,216 pKi-6 
a 
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x n | ee л сл лл е ————— 
Table 8.3 Some biological elimination reactions. EXAMPLE 8.6 
Entry Substrate Enzyme f Draw the structure of the product from the citraconate hydrase catalyzed reaction shown 
й as entry 1 of Table 8.3. Include the rudimentary reactive centers (acids and bases) that 
HO., COO" ; might be provided by the enzyme. 
gH i hydrase ] 
k -ooc “F Citraconate hydr: 
CH, H ; 


The leaving group must be water, formed by protonation of the OH group of the sub- 
strate. An acidic site needed to supply this proton is represented by B'H* in the upper 


HO» "Wu left side of the following equation. The proton to be removed from the substrate is at- 
2. н Fumarase | tached to the carbon atom D to the latent leaving group. Removal of this proton re- 
-00C H quires a base, represented as :B. The products are the (Z)-alkene and a molecule of 
water. The acid is converted to its conjugate base, B’: , and the base is converted to its 
HO. COO- conjugate acid, HB'. 
3. -oo ACA М 2-lsopropylmalate dehydratase = HO 
(CH,),CH H * . 
В'5-Н но coo- оос coo- 
>: a faH " 
HO. OPO- -оос”® SB —Citraconate_, ке "m 
2i coo- 1 LIB hydratase d Xi 
4 NE a. Enolase 1 CH, H 3 
H H 
СУ i Draw the structures of the products for the other entries in Table 8.3. Include the 
z HNS A Phenylalanine ammonia-lyase б rudimentary reactive centers (acids and bases) that might be provided by the enzyme. 
H кх 
тоос H ; ‚ А А 
Looking at the structures in Table 8.3, you might assume that E2 reactions are 
| prevalent in biochemistry, and for years, this notion was generally accepted. Dehy- 
но о ў droamination (entry 5 in Table 8.3) may likely be an Е? reaction, but different mech- 
OPOj- | E anisms can operate in the other cases. (We will look at one alternative pathway—the 
6. ^ Oooc о ea Dehydroquinate synthase Ў Elcb mechanism—in Section 23.10.) 
OH ü B Thinking about the parameters associated with the E2 reactions of alkyl halides and 
ў alcohols—basicity of the nucleophile, leaving group ability, апа stereochemistry—can 
| provide insights into the mechanisms by which biochemical transformations occur. If 
|: likely possibilities are considered, then understanding how enzymes catalyze chemical 
ў reactions may subsequently lead to the development of biomimetic catalysts ог to the 


preparation of new medications to treat metabolic disorders and their associated diseases. 


Second, can the enzyme influence the properties of the leaving group in the sub | i EA E 
strate? Some of the substrates listed in Table 8.3 have a good leaving group already— i CHAPTER SUMMARY 
an ammonium ion and a phosphate ion are both reasonably good. The problem lies i BE S. The E1 reaction 
with substrates that are alcohols. In this chapter, you have already seen that alcohols re У lo 
quire some type of activation—usually protonation—to convert the OH group into а Hs 
good leaving group. An amino acid with an acidic side chain, for example, aspartic acid | 
(Table 5.8), might facilitate this step. { 


* The El (elimination, unimolecular) reaction is one pathway by which alkyl halides, 


sulfonate esters, and alcohols are converted to alkenes (also called "olefins"). 
A secondary or tertiary alcohol readily loses water, a process termed dehydra- 


Finally, can the proper anti conformation of proton and leaving groups beer и tion, when it is heated with sulfuric or phosphoric acid. 
sured by the enzyme? Remember that a protein chain folds into a specific i Ў * Dehydration proceeds via a carbocation, which is formed by dissociation of a 
dimensional shape O Era oe a ds S. pod s и sub: ў molecule of water from the protonated OH group of ће alcohol. 
the side chains of certain amino acids at the active site wher jen © A 9* or 3° | RU » | 
strate binding through a combination of hydrogen bonds and electrostatic interac ү ез alkyl halide undergoes the E1 reaction in competition with an 51 
tions. For the substrates presented in Table 8.3, an enzyme active site could, for < © : 


It more than one alkene can be formed in an El reaction, the more highly sub- 
stituted alkene predominates because it is more stable. 


example, employ a positively charged amino acid side chain to attract the negatively 
charged carboxylate ion. 
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* The “more highly substituted alkene” has the fewer number of hydrogen atoms 
attached to the double-bonded carbon atoms. 


e Alkene stability is determined by the amount of heat evolved when hydrogen adds 
to a carbon-carbon double bond to form the corresponding C-C single bond. 


e Stability decreases in the order tetrasubstituted alkene > trisubstituted alkene > 
disubstituted alkene > monosubstituted alkene > ethylene. 


Section 8.2 The E2 reaction 

• An alkyl halide (or sulfonate ester) reacts with a strong base to form an alkene 
by a pathway designated Е? (elimination, bimolecular). This reaction is termed 
dehydrohalogenation or f-elimination. 

e Dehydrohalogenation isa concerted process in which a base removes a hydro- 
gen atom that is D to the leaving group, concomitant with formation of the л 
bond and displacement of the leaving group. 

• The proton removed during the E2 reaction is oriented anti to the leaving group. 

e A molecule that cannot adopt a conformation in which a B-proton and leaving 
group are anti reacts more slowly than a molecule that can adopt such a con- 
formation. 

• The E? reaction of cyclohexane derivatives requires that both the B-proton and 
leaving group are trans and diaxial. 

• А dihaloalkane reacts with strong base via an E2 pathway to form an alkyne. 

e A primary alcohol can also be dehydrated with use of a strong mineral acid, but 
substitution by the acid's conjugate base or by another molecule of alcohol, 
forming an ether, constitute competitive side reactions. 

• Dehydration of a primary alcohol is better accomplished by an indirect method 
that involves conversion of the alcohol to its sulfonate ester derivative, followed 
by treatment with strong base. 


Section 8.3 Substitution versus elimination 


e Substitution and elimination are related because both require the presence of 
a good leaving group. These relationships are summarized in Tables 8.1 and 8.2. 


* In general, higher temperatures favor elimination over substitution. 


Section 8.4 Elimination reactions in biology 
e Elimination reactions in biological systems may occur via the E2 pathway. 


e The same criteria are important for an E2 reaction carried out in a laboratory 
and catalyzed by an enzyme: A base will be present to remove a proton from the 
B-carbon atom, the substrate will have a good leaving group, and the substrate 
will have the B-proton and leaving group anti. 


nl 
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olefin thermodynamic control dehydrohalogenation 
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Section 8.1a B-elimination 

El mechanism Section 8.1c 

dehydration endocyclic Section 8.2e 
exocyclic geminal 

vicinal 
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REACTION SUMMARY 


Section 8.1a 


pehydration: 9? and 3? alcohols lose water when heated with a strong mineral acid 
such as sulfuric or phosphoric acid. The mechanism is E1. 


Na 

HY, А N / 
c—c iA o с=с + њо 
[i YERO, PO / С 2 


2° and 3° Alcohols 


Section 8.1d 
Solvolysis of 2° and 3° alkyl halides leads to Е1 in competition with the Syl reaction. 


H X 

m l protic solvent, A У № c 4 HX 
bg 7" X 

X= cl, Br, | 


Section 8.2a 


Dehydrohalogenation: alkyl halides and alkyl sulfonate esters lose HX when heated 
with strong base. The reaction is concerted and the mechanism is E2. 


Base/solvent combinations 


H 
| | Ko of KOH, EtOH 
—с—с— i, с=с LDA, THF 
| | solvent / \ 
i KOt-Bu, t-BuOH 


NaNH;, NH; (liquid) 


X = CI, Br, |, OSO;R 


Section 8.2d 


High temperatures are required to promote elimination reations of primary alcohols. 
Inorganic esters (of sulfuric or phosphoric acid) and symmetrical ethers can be formed 


as byproducts. 

ү | ЭЕ ЖИ ч. 11 011 
E HY, ^ 

1 i OH Y= HSO, HPOL ^ S + сї OY + < T [e] f T 

H H H H H 
1° Alcohols Inorganic ester Symmetric ether 
Substitution side products 

Section 8.2e 


When heated with strong base, geminal and vicinal dihaloalkanes form alkynes via con- 
secutive E2 dehydrohalogenation reactions. 


EIL. 
base, А 
EC = с д = 
| T 9r £ И or f c solvent с=с 
H X X X H 


KOH, EtOH KOt-Bu, t-BuOH 
LDA, THF NaNH,, NH; (liquid) 


- 
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ADDITIONAL EXERCISES 
8.13. Draw structural formulas for the six isomers of СН that contain a double 
bond. Give the IUPAC name for each, including the stereochemical descriptor 
where appropriate. 


8.14. Predict the product(s) (including geometric isomers) of each of the following 
elimination reactions. Indicate, where appropriate, which product will be the 
major one. Name each product. 


OH 


HPO, H;50, 
OH A A 


8.15. Predict the products (including geometric isomers) formed by dehydrohalo- 
genation of the following compounds upon treatment with alcoholic KOH. For 
those compounds that can form more than one product, indicate which product 
will be the major one. Name each product. 

b. 1-Bromo-l-methylcyclohexane 


d. (S)-2-Chlorobutane 


a. 1-Bromohexane 
c. cis1-Bromo-2-methylcyclohexane 


e. 4lodoheptane 


8.16. Explain why (1S,2R)-1-bromo-1,2-diphenylpropane reacts faster with a strong 
base than (1R,2R)-1-bromo-1 ,2-diphenylpropane does. What is the major elimina- 
tion product formed in each reaction? 


8.17. Arrange each set of compounds in decreasing order of heat evolved upon cat- 
alytic hydrogenation with a palladium catalyst. 


co ce ar EE 
* due dis da Ax 


c. 


ES) ea ea ee 


a. 


о о o 


TOT 


Eo E 


Additional Exercises 263 


8.18. 1-Cyclohexylethanol undergoes dehydration with sulfuric acid, yielding 1- 
ethylcyclohexane (among other compounds). Propose a mechanism for this de- 
hydration reaction that explains how the endocyclic product is formed. 


Н,50,, A CY^ 
———À 


1-Cyclohexylethanol 


OH 


8.19. Given the results presented in Exercise 8.18, how could you prepare ethyli- 
denecyclohexane from I-cyclohexylethanol by means of an elimination reaction? 
(Hint: Choose a method that avoids the formation of a carbocation intermediate; 


Section 8.2d.) 
OH 
ea › en 
> 


1-Cyclohexylethanol Ethylidenecyclohexane 


8.20. In each of the following reactions, indicate whether methoxide ion functions as 
a base or as a nucleophile: 


a. 
Br 

Cr + CHO — QO + CHOH + Br 
b. 

“озо + CHo — “~~ СОСН, + CF50, 
G: 

OH [om 
CHO" + O => CH;OH + СУ 
8.21. 


, The reaction of an acid chloride with a non-nucleophilic base leads to forma- 
tion of a ketene, R9C-C-O, an unstable and reactive species. Propose а mechanism 
for the following reaction used to prepare dimethylketene. Show the movement of 
electrons with curved arrows. 


iie 
сн 4 СНз 
I M N(CH,CH;). N " 
CH3 И ——73 ma + HN(CH;CHj, CIT 
о CH; 
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8.22. Ап aldehyde can be converted to an oxime (Section 90.1b), which in turn can 

be converted to its acetate derivative. Propose a mechanism for the conversion of 
the oxime acetate to the nitrile under the conditions given in the following equa- 
tion. Show the movement of electrons with curved arrows. 


OH OAc 
o N^ N^ 
l —— | ———3 | OUS S R—C=N 
СНОН, А 
R^ ^u R^ ^u R^ ^u a 
An aldehyde An oxime ^ An oxime acetate A nitrile 


8.93. Draw the structure (s) of the major product(s) expected from each of the fol- 
lowing reactions, which can be either substitution or elimination processes. Indi- 
cate the stereochemistry of the product as appropriate. Relative stereochemistry 
should be shown using wedges and dashed lines. If a racemic mixture will be 
formed, draw the structure of one enantiomer and write the word *racemic", or 
draw both enantiomeric structures. If diastereomers are formed, draw each struc- 
ture; label meso compounds as such. If no reaction occurs, write NR. 


a. b. 
H 


Br КОН, EtOH, A Br 


—— 
CH; dis d 


KCN, DMF, А 


CHCI 
KO-t-Bu, t-BuOH 


Ч 


е f; 
нб HPO. А [=f] Her 
H 
8 h. 
beg 1. CH4SO;CI, МЕ PBr;, A 
OH 2. KOH, EtOH А x ——3À 
} Н cH 
H CHCH > СНз 
мН A 
€ 1. NaH, DMF HC 4 KOH, EtOH, А 
BV ачен оо” 
HC OH 2: CHCH;CHSI E 2CH3 
НС Вг 


8.24. Draw a reaction coordinate diagram for the elimination of water from tert-butyl 
alcohol in sulfuric acid. Label the appropriate minima and maxima as starting ma- 
terials, intermediates, and products. Mark the energy differences that correspond 
to AG? and AĜ. 
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835. Each of the followin: alk 
n g alkenes can be made from an organohalide by an E2 


a. b. 


Or 220 


Name each of these alkenes according to IUPAC rules. 


2 
УА “осн, 


What starting materi: 

al could be used to ргераг 
e Р 
product of the reaction? prepare each compound as the major 


3. Name each starting material. 


8.26. Draw th j 

ies кн of the major product(s) expected from each of the fol- 
“a H sae ci ich can be either substitution or elimination processes. Indi 
gae h к, of is product as appropriate. Relative stereochemistry 

using wedges and dashed lines. If ic mi 
EE ay eae t s. If a racemic mixture will be 
ure of one enantiomer and wri 
c : write the word “racemic” 

en a enantiomeric structures. If diastereomers are formed, draw each ded 
ure; label meso compounds as such. If no reaction occurs, write N R. = 


x b. 


1. TsCI, pyridine, — 5°C Br 


2. KOH, EtOH, A KO-t-Bu, t-BuOH 


Рр Ч : 


(Ss 


d. 
OH 
LOPOLA V T 
r 
—À 
е. E 
CH,SH, CHOH 
го ————— HO. 1. MsCl, NEts, CHCl, 
1. MsCl, меъ, СЊСЬ 
2. NaN, DMF 
h. 
pM NaNH;, THF, A 
———3À 


OL 
CH; 
OH 
H 
зех 
Е. 
OH 
1. 
СІ 
E. 
H 


j 
н H H 
KOH, EtOH, A \ £GCH, Nal, acet 
H = co"? ѕ NM 
HC“ 4 
Br CH;CH; 


CHAPTER 8 Elimination Reactions of Alkyl Halides, Alcohols, and Related Compounds 


27. mpound Н, „Вг, is an optically active molecule that contains a benzene 
* dice керо опе оло It reacts with hot, alcoholic KOH to produce 
B, which is not optically active- Stirring A with aqueous methanol at 35°C yields op- 
tically inactive C. Compound C is converted to B when it is treated first with 
methanesulfonyl chloride and triethylamine in dichloromethane, and then with 
hot, alcoholic KOH. Treating C with sodium hydride in DMF followed by the ad- 
dition of methyl iodide gives D, which is also optically inactive. But treating A with 
sodium methoxide in DMF at room temperature gives optically active D. Draw 
structures for compounds A through D. 


8.28. Indicate what reagents and solvents can be used to carry out the following 


reactions: 
а; b. Br 
OH Мч = 
? ^ Br == = 
с а. 
OH ‚ SCH; 
Br 
е f. 
cH; CH; CH; CH3 
сае w 
ОН он 


- 
b 
t 
{ 
i 
E 


ADDITION REACTIONS OF 
ALKENES AND ALKYNES 


9.1 ELECTROPHILIC ADDITION REACTIONS OF ALKENES 

9.2 ELECTROPHILIC ADDITION REACTIONS OF ALKYNES 

9.3 THE FORMATION OF CARBON-CARBON BONDS 

9.4 HYDROBORATION REACTIONS OF 7 BONDS 

9.5 THE ADDITION OF CARBENES TO Л BONDS 
CHAPTER SUMMARY 


In the previous three chapters (Chapters 6-8), you have been studying reactions that 
occur mainly by breaking 6 bonds at carbon atoms with sp? hybridization. These 
processes ultimately lead to the formation of substitution or elimination products from 
the reactant molecule. In this chapter as well as the next (Chapter 10), you will study 
transformations in which the first step involves breaking a п bond at carbon atoms hav- 
ing sf ог sf"-hybridization. The eventual outcome is addition to the л bond, and the 
common substrates are alkenes and alkynes. 

Addition reactions are vital in biochemistry as one means to construct the carbon 
frameworks of an assortment of molecules, and some of these same transformations 
serve as an underpinning for the chemistry of synthetic materials such as polymers, 
plastics, and composites. 


9.1 ELECTROPHILIC ADDITION REACTIONS OF ALKENES 


9.1a ELEcTROPHILLIC ADDITION Is A Two-Step PROCESS THAT OCCURS 
МА A CARBOCATION INTERMEDIATE 


Many reagents react with an alkene by addition to its л bond; and so too, a variety of 
mechanisms are possible. When the first step of an addition reaction takes place be- 
tween a carbon-carbon л bond and an electrophile, then a charged intermediate is 
often formed, and the mechanism is termed electrophilic addition. In a second step, 
this intermediate reacts with the nucleophilic portion of the original reagent. 


NL MÀ Ng - 
сес ——э 7G +N 
къо ЕЎ \ 


H H 
Key: 
Dor mom pi E—N is a polar reagent: 
E N Q Es WN E* =electrophile 
H H H H N^ =nucleophile 
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Figure 9.1 

Reactions of 
methylcyclohexene with 
polar reagents that react 
via an electrophilic 
addition mechanism. 


Addition Reactions of Alkenes and Alkynes 


CHAPTER 9 


Proton (H*) as an electrophile Halogen (X^) as ап electrophile 


CH; 

X ГА Ж, 

HX Xz, СНС : 

/ х= FR C, 8rT / X-Q,Br as 

(Section 9.10) Н (Section 9.199 Н 
H3C H HC X 
X3 BE +  Enantiomer 

H CH; H CH; 


N но ES ноз 
но X, H20 
i X-G, Br T F 
(Section 9.1e) н“ 
H X 


H,SO, 
(Section 9.1¢) H 


+  £nantiomer 


Metal ion (Hg?*) as an electrophile 


CH; 
НС RO.., 
ROH М 
н (к=н, alkyl, агу) HÄ 
(Section 9.1f) HgOAc 


+ Enantiomer 


Figure 9.1 illustrates typical addition reactions that can be observed when 1- 
methylcyclohexene reacts with a variety of reagents. In the next sections, we will look at 
the details of each of these transformations to learn both the stereochemistry and regio- 
chemistry associated with these addition processes. Regiochemistry refers to the orienta- 
tion by which a reagent adds to a л bond. For electrophilic addition reactions, the 
regiochemistry is related to the carbon atom that forms a bond to the incoming elec- 
trophile. Both the stereochemical and regiochemical outcomes of electrophilic addition 
reactions are linked with the specific mechanism by which each transformation occurs. 


9.1b ADDITION or HX Occurs TO GIVE THE PRODUCT WITH 
THE PROTON ATTACHED TO THE LESS HIGHLY SUBSTITUTED 
CARBON ATOM—MARKOVNIKOV'S RULE 
In 1869, the Russian chemist Vladimir Markovnikov noticed that when HX adds to a 
double bond, the carbon atom with fewer hydrogen atoms is more often the one to 
which the halogen atom of the addend becomes attached. He formulated this obser- 
vation as a postulate that has come to be known as Markovnikov's rule. 
The mechanism of the reaction reveals the basis of this rule. When the proton 
(electrophile) is intercepted by the л bond (nucleophile), two possible cations can 
form, illustrated below for 1-methylcyclohexene. 


CE 
`g 


CH; 
H 
H 
H 
CH; 
pa X 
CH, “у CH; 
——À 
H © H 
H 


3° Carbocation (more stable) 


2° Carbocation 


The major product forms via 
the more stable carbocation 
intermediate. 


54 


дота зыр SPARE NT УСОВ 


XU UEN PANE GEO Mo e iba OES: 


Ў 


гот 


a цы tma sp 


9.1 Electrophilic Addition Reactions of Alkenes 


(C 
| oe 


AG; 
AG; 


Energy 


CY + ws 


Reaction coordinate 


E реса s the d postulate (Section 6.2c), the free energy of activation 
pathway that produces the 3? carbocation has a lower th: i 
to formation of the 2? carbocation, as shown in Fi аны 
i ! Я in Figure 9.2 for this protonati 
The reaction via the 3° carbocation is therefore faster and will yield the 3° с vl abs 
bromide as the major product. ДА 
e erm ee the proton from HX becomes attached to the alkene car- 
more hydrogen atoms. The nucleophile, therefore, i 
alkene carbon atom with fewer hyd: лева Кайы се 
о fewer hydrogen atoms. This same regiochemistry i 
other unsymmetric alkenes, as illustrated in the following ыл: тка 


H 


| 
CH,CHCHA, C 
Mz. CH3CH;CH. CH 
Н нв, о°с BS d 


CHjCOOH Bl ^i (8496) 


Be epic айпод of HX is regioselective, which means that some of the product 

enun P. ovnikov orientation is also obtained. A regiospecific reaction is one 
6 a occurs with only a single orientation, and such processes are rare. 

ugh Markovnikov formulated his rule based on the positions of hydrogen and 


halogen at i 
oms in the product, the modern is pri 
statement of this principle i i 
our knowledge of the reaction mechanism: : Е 


Markovnikov’ ili 
cde Mrs rule. The electrophilic portion of a reagent adds to a 1t bond so 
ore stable carbocation intermediate predominates. 


Аад is princi 
ional examples of this principle are illustrated in the following sections. 


9.1c 
WATER ADDS TO AN ALKENE IN THE MARKOVNIKOV FASHION 


Water i i 

tself idi 

Hes om a acidic enough to protonate a л bond, so a mineral acid is added to 
аз cidity—hence electrophilicity—of the reaction medium. The best acids 


are those with 
drogen т En Р weakly nucleophilic conjugate base such as h dihy- 
nes. b А ions. When опе of these ions is present, water is the principal 
EE in the reaction mixture. The process whereby the elements of 

ene is called hydration. а 
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Figure 9.2 

An energy diagram for the 
first step of the competing 
pathways in the electrophilic 
addition reaction of HBr to 
I-methylcyclohexene. 


-— 
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When 1-methylcyclohexene is protonated in an aqueous solution of sulfuric acid, 
the 3? carbocation is formed in preference to the 2° carbocation, as described in Sec- 


tion 9.1b. 
H 
Ho H 
CE “HSO, == + HSO; 
CH; ч CH; 


3° Carbocation 


Water is a stronger base, hence a better nucleophile, than HSO4 so a molecule of 


water intercepts the carbocation. The protonated alcohol is subsequently deproto- 
H 
йел 
7 HO: === 
CH, © CH 


nated to form the product, 1-methylcyclohexanol. 
H 
H 
но: Eg + H,0* 
CH 
OL. OH * 
u^ p | 


Note that the steps of this mechanism follow the opposite order of dehydration, de- 
scribed in Section 8.1a. Each step is in equilibrium, so the direction of the reaction can 
be altered by changing the reaction conditions. Using a large amount of water leads to 
hydration of an alkene and formation of an alcohol; removing water from the reaction 
mixture (usually by heating) produces an alkene from an alcohol. 


H 


EXERCISE 9.1 


Compare the mechanism of hydration of ]-methylcyclohexene with that for the dehy- 
dration (El reaction) of 1-methylcyclohexanol. What are the similarities and differences? 


EXERCISE 9.2 


What is the major product expected from the reaction of 1,1-diphenylethene and water 


in the presence of sulfuric acid? 


9.1d ADDITION OF CHLORINE OR BROMINE TO AN ALKENE PROCEEDS 
Via A HALONIUM ION INTERMEDIATE 


An alkene reacts readily with chlorine or bromine in an inert solvent such as 
dichloromethane to form a vicinal dihaloalkane. Because Clo and Brg are symmetrical, 
regiochemistry is not a concern in their addition reactions, so we will look in this sec- 
tion at the reaction of bromine with a symmetrical alkene to simplify the stereochemi- 
cal issues. As for the other halogens, fluorine is extremely reactive and cleaves most 
C-H, C-C, and C-C bonds; CF, is a common product of ifs reactions. Todine initially 
reacts with alkenes to form the cationic intermediate, but the overall reaction is en- 
dergonic, so the equilibrium is reactant-favored. ' 

"As in all electrophilic addition processes, the first step with bromine is the reaction 
of the т bond with an electrophile. For a symmetrical molecule like Bro, which is not 
polar, the т bond polarizes the reagent to create an electrophilic center. 


н + 
8 & 
@ Br—Br 
H 


Interaction of the т bond with the bromine molecule creates a 
dipole because electrons surrounding the bromine nuclei are 
repelled by the 7 electrons. 


9.1 Electrophilic Addition Reactions of Alkenes 


Subsequently, a reaction between the т bond and Вг(ёӧ+) takes place. In the 1930s, sev 
eral studies supported the formulation of the resulting cationic species as a haioni 
ion (bromonium, chloronium, or iodinium ion, specifically)—a three-membered rin 

that places a positive charge on the halogen atom. Spectroscopic data has subse шеру 
been used to characterize these species and to confirm their existence. £ T 


H st s- 
СЕ ier Гь: 
en у © wor DI 


H 


The formation of this bridged intermediate leads to the observed stereochemisti 
of the Pon eMe err ere are reaction, which is а. 
trans-ad. or anti-addition) to indicate that the groups have added to opposite 
faces of the double bond, is stereospecific. A stereospecific reaction is one that leads to 
generation (or destruction) ofa single stereoisomer. (A stereoselective reaction is one 
that generates more of one stereoisomer than another.) 


trans-1,2-Dirbromocyclohexane 


| коп А this reaction is stereospecific, it is not enantiospecific, nor is it even 
n А : LAC 
antiose ective. An enantiospecific reaction is one that produces a single enantiomer; 
л ; 
an enantioselective reaction produces more of one enantiomer than the other. Here the 
: > 


halonium ion can for 1 above wW fe} um 10n inter- 
m either above or belo’ the ring, i 
Á gs the bromoni 
mediates are mirror images. 


Br* 
H Br 
H H (R) 
Br H 


Enantiomers 


ecg creatine an готи eitner above or below the ring, and the bromide ion reacts 
. Therefore, the reaction is stereospecific—only th i 
formed—but not enantiospecific—a racemic mixture is Е а Sirane producti 


EXERCISE 9.3 


& 


nat are the products from the reaction between cis2-butene and chlorine? Between 
ans-2-butene and chlorine? Clearly show the stereochemistry of the products 
Cc ae EARS Ae íi DUE 


The electrophilic addition reaction of bromine i 1 1 
t s the basis of a simple test for th 
Presence of a x bond. In this test, a drop or two of a Вгә/СНәС1» solution, which red. 
ae is added to the unknown compound in СНС». If the color is immediately dis- 
arged, then an alkene (or alkyne) group is likely present. 
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91е HALOGENS App ТО AN ALKENE IN THE PRESENCE 
oF WATER TO FORM A ViciNAL HALOHYDRIN 
You just learned that bromine and chlorine readily add to an alkene т bond in an inert 


solvent to form a dihaloalkane. In a nucleophilic solvent such as water, an alkene reacts 


initially with a halogen molecule in the same way and forms a bridged halonium ion. 


Chlorine, bromine, and iodine all react. 


In the second step, however, the nucleophile that reacts with this intermediate is 


water, not the halide ion. When water is used as the solvent, its concentration is ~ 55 M, 
а the halide ion formed in Step 1 has a concentration lower than 0.01 Munder 
ical conditions. It is more likely, therefore, that the intermediate will be intercepted 
in Step 2 bya molecule of water rather than by a halide ion. Because a bridged inter- 
mediate is formed and water must react at the opposite face, the stereochemistry of ad- 


dition is again trans. Loss of a proton in Step 3 yields a vicinal halohydrin, a compound 
with a halogen and an OH group attached to adjacent carbon atoms. 


A vicinal halohydrin 


The two groups that add to the т bond are not identical (Br and OH), so the re- 
giochemistry of addition has to be rationalized. The major product from this reaction 
has the halogen atom (bromine in this example) attached to the carbon atom with 
more hydrogen atoms. This result suggests that the halonium ion is not symmetrical in 
its reaction with water. In fact, the more highly substituted carbon atom carries а 
greater share of the charge so that it can be stabilized by the electron-donating methyl 
group. (You saw this effect previously in Section 7.2e for epoxide ring opening reac 
tions.) The present result is simply a broader corollary of Markovnikov’s rule: The nu- 
cleophile reacts preferentially at the carbon atom that better supports à positive charge. 


symmetrical bonding 
of the bromine ion 


H umm H 


Unsymmetrical bonding of the bromine ion 


LJ 
E or fo Br A. 8" 
CR E CE Ce gr 
ён, CHs CHs 


This form places а positive charge on 
the more highly-substituted carbon atom. 


In summary, for bromohydrin formation from the reaction between 1-methylcyclo- 
hexene with bromine and water: 


e The 3° alcohol is the major product, so the reaction is regioselective (Section 9.1b). 
e The orientation of OH. and Br are trans—the reaction if stereospecific (Section 9.1c). 
e Aracemic mixture is obtained—the reaction is not enantioselective (Section 9.1c). 


9.1 Electrophilic Addition Reactions of Alkenes 


SNR EE 


EXAMPLE 9.1 


What а: j i 

et a major products from the reaction between l-hexene and chlorine in 

i ES dien up sb of the products and assign the configurations (Ror S) 
y nters. Comment on the regio- and stereoselectivity of the reaction. 


z p 


ү guiar structure of the alkene (below, left). Chlorine reacts with this alkene to 

ae > d 2 din ion, and the chlorine atom can become attached on either 
ne of the original carbon-carbon double bond Wh 

i $ ‘ : doi А еп the front Ё - 

acts with chlorine (path a), then intermediate A is formed. Reaction at the back face of 


< pe ian ке e pathway b yields intermediate B. The secondary carbon atom of 
- ered ring carries i 
E g a greater share of the charge than the primary carbon 
cae" 
А снснснсн,.. # p 
асн ү 
рх 22? Б ps 2 а 
gee а-а H 
H SS 
“SS CH,CH,CH:CH, 
NS. CH; 
C Cc 


A M i 
T c 


Wate i i iates i 
i Ups these ТНУ in the second step, and this reaction occurs оп 
ree-membered ring away from the chlori i 
he sic hr orine atom. 
tion yields the vicinal chlorohydrin products. а 


H 


CH,CH,CH,CH, О c, CH;CHCH Мн 
усн o зСН: ENG P" crn OH 
A go C0 С 2 E 
ГОР P CH; —— р —CH,Cl 
H py’ (К) 
cas CH;CH;CH;CH 
CH,CH;CH;CH; 42 Y T 3 ay М - CH3CH,CH2CH, 
E а =F Aotea A A НО 2 chci 
E H / / 2 
In SS NH os H (5) 


We next assi i 
Koc seii rai о configurations of the new stereocenters. Because the re 
achiral reactants and creates one п i à 
t ew 
must constitute a racemic mixture. ыз» 
As with m ili iti i 
кус PUE am addition reactions, the overall process is regioselective and 
ну subs iis кра не nucleophile reacts preferentially at the 
carbon atom). The addition step i ] 
udin 5 1 carb \ | ер is stereospecific because the 
“pee ae ааа intermediate anti to ће position of the E com The 
not reflect this relative stereochemi ict h y 
a t emistry because the product has only on 
enter and at least two are required to reveal the relative stereochemistry. id 


the products 


NES ` 1 DLL ___ __—_ „— 
EXERCISE 9.4 


What are the j on between 2-phe: e and bromine 
i 
х th major products from the reacti 2. ph nylpropen and in 
T w the stereoc emistry of th р и д а551 ontigui 
in water? Show th h e products an ign the configurations Ror 
) of any stereocenters. Comment on the regio- and stereoselectivity of this ма 


? 
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9.14f OXYMERCURATION PROVIDES AN EXAMPLE IN WHICH 
A METAL ION 15 THE ELECTROPHILE 

Metal ions constitute a third category of electrophiles with which alkenes react, and a good 
example of this reaction type is oxymercuration, the addition of OH (from water) and 
HgOAc to a double bond. (A more general term for this reaction is solvomercuration, 
which makes use of solvents other than water as the nucleophile.) Mercury(ID) acetate, а 
reagent commonly used in this transformation, ionizes in water to form the (acetato) mer- 
cury(Il) cation and the acetate ion, which is commonly abbreviated as OAc or AcO". 


H,0 
Hg(OAQ, === *нд(ОА©) AcO™ 


In the first step of oxymercuration, the alkene x bond reacts with the Hg(OAc)* 
ion. The intermediate that forms is analogous to a halonium ion, and the metal ion 
bridges between the two carbon atoms. For ]-methylcyclohexene, this bridged inter- 
mediate is unsymmetrical, as it is for the halonium ions (Section 9.1e), with the more 
highly substituted carbon atom bearing a greater positive charge. 


CH; CH; 
[DEC *Hg(OAd OAc- CX 
w Hg(OAc) 
H © H 


Greater stabilization of the 3° 
carbocation makes the bridged 
mercurinium ion unsymmetrical. 


Water subsequently reacts as a nucleophile at the more highly substituted carbon 
atom, leading to formation of the trans product. Because the Hg(OAc) group (the 
electrophile) in the product is attached to the carbon atom with more hydrogen atoms, 
we can say that Markovnikov addition has occurred. Oxymercuration is stereospecific 


(anti) and regioselective (Markovnikov). 


h mM T 
СНз 


он 
N CH,COO- CH3 
aes ees + CHCOOH 
io I^ Hg(oad © ^ Hg(OAc) 


Oxymercuration would have limited utility if the mercury ion were not easily re- 
moved. In a separate reaction, the mercury-carbon bond can be cleaved using sodium 


borohydride, a common reducing agent in organic chemistry. 


OH OH 
„CH3 NaBH, H20 cn This is the same product formed by the 
пон ° acid-catalyzed addition of water to the 
P Hg(OAQ | H alkene double bond. 


This step, called demercuration, replaces the mercury atom with hydrogen and, in this 
instance, destroys the chirality of the molecule. The overall transformation can be writ- 


ten as follows: 


OH OH 
СНз „СНз CH; 
Hg(OAQ; NaBH, (71 75%) 
H0, ether " А H20, EtOH 7 
H ^Hg(OAc H 
H x H 
Achiral 4 enantiometer Achiral 


ovens 


р 
Ў 
j 
H 
f 
L 


9.1 Electrophilic Addition Reactions of Alkenes 


ti 
ES = Ри = overall procedure of oxymercuration-demercuration yields the 
same p uct as hydration does. This two-step procedure avoids formation of a carbo- 
cation, so rearrangements are less common. For example 
> 


Oxymercuration-demercuration 


Fw dd њо 
ZA но 5+ —À An чени 
~ HgOAc 20 
H HgOAc H 


5 
Acid-catalyzed hydration 
но 
H Rearrangement 
Pu H50; Жү Ay но 
H H H 


2° Carbocation 3° Carbocation 


[EXE 
ae the details for the mechanisms of the reactions shown in the preceding scheme 
y illustrating the movement of electrons with curved arrows. Ignore stereochemistry. 


RCISE 9.5 


The i 
ds E s form of this procedure that was mentioned at the beginning of 
— solvomercuration—can also be done in inati i 
1 ›тетсит _also be d combination with the d 
me : є е demercura- 
S er m following example illustrates such a transformation and also shows a сы: 
which the product after removal of mercury retains a stereocenter. u 


EXAMPLE 9.2 


рте сше; including stereochemistry, of the major products (A) from the re- 

{ etween l-pentene and тегсигу(П) acetate in meth: i 

tions (Ror S) of any stereocenters. D h im ne e T 

MS. Qo) эште . Draw the structures, including stereochemistry, of 
У from demercuration of A with sodi i 

(NaBH,); assign the configurations of the stereocenters. аа 


Бу а Hg(OAc). 
Sy 5 25 A NaBH, 
нон H;O, EtOH 


The alkene reacts with 
the Hg(OAc)* ion t idged i і | 
Occur at each face of the eae mr ИЯ? ўе 


R R at 
+ CH è 
NK H9QA9* = уу 2 \ pi HgOAc 
/™ + ^ч 
H HgOAc "d CH; 


8 


= — CH;CH;CH; 


Metha: 
nol reacts with th ioni i 
ese cationic species and give: i i 
eka deprotonaton р gives enantiomeric ethers as the prod- 
ee ` 


H OH 


2° Alcohol 


he 
H H 


3° Alcohol 


Sol vem Te НгО 
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ње 
N.H 
Kr e LR oz" тм. CH, CH, CH, CH 


Dod E “@—сн„наолс Ша” €—CH,HgOAc 
R 
H CHgOAc H H (R) 


HC R CH,CH,CH; 
AcQ^ 


R (E К 
5*\„НдОАс PEE i 
ү " Con ON CH; HgOAc 9, ЊСОа chu HgOAc 
РАЈ 
Ti “Сн, нн" "A 


Demercuration replaces the HgOAc groups with H atoms. The stereocenter at C2 in 
e remains, but notice that its configuration changes—not from breaking 


each molecul 
group priorities are altered by removal 


any bonds at the stereocenter, but because the 
of the Hg atom. 


CH;CH,CH,, QCH: сњењен, 9% 
а NaBH, = 
C—CH,HgOAC Acc HOA C—CH; 
20, P 
uf (R) H (5) 
CH,CH;CH; CH,CH,CH; 
E NaBH, H4CO., £ 
HsCONG _cHHgOAc 55 HONG CH, 
"4 aut н^® 


The use of an alcohol in the solvomercuration-demercuration procedure provides 


an alternative and complement to the Williamson ether synthesis (Section 7.2b) as a 


way to prepare ethers, especially those with a 3° carbon atom attached to the ether oxy- 


gen atom. 


EXERCISE 9.6 
What are the major products of the following reactions? Include stereochemistry. 


1. Hg(OAc),, (CH;),CHOH 
> 
2. NaBH,, H;O, EtOH 


b. 


a. 


1. Hg(OAc)2, CH,OH 
2. NaBH,, HO, EtOH 


9.2 ELECTROPHILIC ADDITION REACTIONS OF ALKYNES 


92a TERMINAL ALKYNES UNDERGO MARKOVNIKOV 


ADDITION REACTIONS 
on reactions of alkynes—also called acetylenes—occur by the same 


Electrophilic additi 
ddition reactions. Because an 


mechanisms that you have just learned for the alkene a 
alkyne has two п bonds, however, 2 equiv of many reagents can react with the alkyne by 
these addition processes. 

In the first step of the reaction between a terminal alkyne and hydrogen bromide, 
а п bond reacts with the proton and generates what is formally a vinyl carbocation. 
Markovnikov regiochemistry is observed for this reaction, so the hydrogen atom ends 
up on the terminal carbon atom. The carbocation intermediate subsequently reacts 
with the bromide ion to form the vinyl bromide product. 


Ё 
E 
Ё 
$ 
КА 


9.2 Electrophilic Addition Reactions of Alkynes 


[у Н H 
в—С=©с—н H Br T УОЛ СМ By P, 
© \ кв-с=с  —— (әс 
H \ © Гл 
H R H 


Vinyl carbocation (linear) 


The alkenyl bromide can react with i 

I ‹ a second equivalent of HBr, and th 
of p second step, which also proceeds with Markovnikov навы нне is B 
inal dibromide, which has both bromine atoms attached to the same carbon дош, ы 


Br H B 
у / H—Br \ PA 
FC C6 eq s 
R H Br К P H 


| EXERCISE 9.7 


Propose a reasonable mechanism for the fi i i 
ble m oregoing reaction that yi i i 
bromoalkane. Rationalize the regiochemistry of this penn tiny IS 


P. e ies carbocation formed as the first intermediate is not as stable as a sec 
ry or tertiary carbocation (Section 6.2b). Therefore, the free energy of activation 


is higher for addition to a triple bond than that for a double bond. As a result, the re- Й | 


oa second equivalent of the reagent with an alkyne is often more facile than re 
е first equivalent. It is possible to add only 1 i - 

| : ti equiv of 

bond if the experimental conditions are carefully Сымо, лл 


E 
= 


t 


What is the major product expected from this reaction? 


Nune remis of addition is irrelevant when an addend is symmetrical, so 
chlorine add to either a terminal or i = a triy 5 
Е п d е add to : г internal carbon-carbon tri 
Pim ation, which initially yields the (£)-dihaloalkene (the higher eG ht 
Be lone sored е Fs е the halogens react more slowly with the start- 
e dihaloalkene product, ide i j 
when an excess of the halogen is provided. ЕУ 


EXERCISE 9.8 


R Br R Br 
R—cec—u 225 te = xed 
0 

Br H Bre ug 


9.2 
b Markovnikov ADDITION OF WATER TO AN ALKYNE 
PRODUCES A KETONE 


An alkyne т bond is less nucleophili 
tive DARE ophilic than an alkene т bond, s i 
a electrophilic activation in order to undergo eee 
E n артса ңа! alles than for internal triple bonds. То 
the НЕШ) ee of water to a triple bond, metal ions are often added. Historicall 
as been used, but Pt(II) and Pd(II) ions and their complexes dp 


well. The important soi; 7 
he important point is this: Many metal ions are good electrophiles. 
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The following equations illustrate the hydration of an alkyne in the presence of 
PtCls, which is similar to the reaction that occurs in the solvomercuration of alkenes: 


1. The x bond reacts with the metal ion, forming ап electrophilic intermediate. 
2. Amolecule of water (the nucleophile) reacts with this intermediate. 


Hebr "ow 
Lum M Н BEL EN сес 
R—C=C—H =a i к “o 2 
® С. вс), & PtCl; 


Two acid-base reactions subsequently take place to yield the initial product, a vinyl alcohol. 


H не RI 
por LET ч. HO H 
v^ y HÖ: No 
E =< ——— a + њо? 
R PtCl; е R Ptch, 
HO P. = HO Ра 
ped y^ ctio > сес + HO + РС, 
Fox @ \ 
R РЕСІ, H 


A vinyl alcohol 


Vinyl alcohols are normally unstable and undergo a process called tautomerism, 
which involves a pair of acid-base reactions that interchange the positions of a proton 


and an adjacent т bond. 


HO уя UU aa q 
it j xe 
ес мотет ссн HO i Hot e Ho! CCH HO 
Vesey УД ON. / 
к н R H R H UR н 
А Кеїопе 


А мїпу! alcohol 


Tautomerism will be discussed in more detail in Chapter 22; but until then, we will as- 
sume that whenever a vinyl alcohol is formed, it rearranges to the corresponding carbonyl com- 
pound. Isomers that are interconverted by concomitant movements of a proton and a 


п bond are called tautomers. 
Notice that the vinyl alcohol formed by hydration of a terminal alkene is the result 


of Markovnikov addition. The vinyl alcohol tautomerizes to form the methyl ketone, 
which is the product that is actually isolated. 


HO D EN P 

Cl, H20 К 
R—C=C—H aa CER = / PCS 
R H R H 


Markovnikov regiochemistry 
EXERCISE 9.9 
Draw the structure of the major product(s) expected from the following reaction. 


PtCl;, H20 
CH;CH—C=C— CHCH тнр 7 


ne 


——— 


ABER 


Dive mito PETE E BERETES 


etm eere 
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9.3 THE FORMATION OF CARBON-CARBON BONDS 


9.3a CARBOCATIONS ADD TO ALKENES TO FORM DIMERS 


Having looked at addition reactions initiated by H*, Br*, and M* (metal ions) as elec: 

trophiles, we now consider addition reactions of carbocations, R3C*, which lead to the 
£ > 

formation of carbon-carbon bonds. One reason this topic is so important derives from 


its relevance to pathways that create the molecular frameworks of many biomolecule 
Furthermore, many valuable polymers and plastics are made by rout i 2 
BS cain. $a lastics y routes employing these 
The coupling of two molecules of isobutylene, a imerization, і 
simple reaction that illustrates the mechanism ar EN CHE CHEST Rat: à 
mation. In the presence of 50% aqueous sulfuric acid at 100°C, isobutylene mn sk 
propene) is protonated to generate the tert-butyl carbocation. ae dd 


p S 
7 a V [7% CH; 
nee H--0SO,H + 
> сн,—С + HSO, 
CH 9 | 
3 CH; 
Isobutylene Markovnikov addition of the proton 


(2-methylpropene) gives the stable tert-butyl cation. 


The nucleophile under these conditions i 

у E s is another molecule of isobutylene, and 
Markoynikov'addition occurs: The carbocation (electrophile) becomes йкы o the ae 
carbon atom with more hydrogen atoms. 7 Í 


CH 
/ з 9з CH; CH; 
CH,—C c= C pc == 
X Hy CH3;—C—CH,—C 
3 CH; CH CH 
3 3 


Isobutylene plays the 


pei акр: ...'eacting so that the electrophilic tert-butyl cation 


bonds to the carbon atom so as t 
i о produce the т 
stable carbocation (Markovnikov addition). d 


The carbocation formed after ition i 
/ addition is subsequently d. 
mixture of the two alkenes shown below. i ани 


CH 
4 te . Fe aie Ts Pu сн CH, 
5—C—CH,—C ——— CH,—C—CH— 4 
i 1 © H3—C єн [s + Bhi ee 
Н; CH; CH; CH; CH; CH; 


2,4,4-Trimethyl-2-pentene  2,4,4-Trimethyl-1-pentene 


Ratio: 4:1 


Propose a "i Vi at facto; 
mechanism for the eliminati i 

tion reaction shown directl 
z | irectly above. Wh 
accounts for the product ratio (see Section 8.1b)? bd 


CO —————————————————————————————————————————— 


9.3b mh з 
К MERIZATION Occuns ViA CARBOCATION ADDITION 
O AN ALKENE IN A MARKOVNIKOV FASHION 


Tsobuty} А Р 
oe with acids other than sulfuric to form polymers, which are long-chain 
consisting of repeating small-molecule units. (Chapter 26 presents the 
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chemistry of polymers in more detail.) For example, when treated with Н'[ВЕЗОН-], 


isobutylene reacts to form poly(isobutylene). 
To start, boron trifluoride, BF3, reacts with water to form H[BFgOH]. At low tem- 


perature, isobutylene reacts with the proton of this acid in the usual way, via Mar- 
kovnikov addition. 


f CH; ON єн; 
Le “HY өн, te BELOH- 
H,C= =o CH; 30H 
CH; [Ө] CH; 
Isobutylene Markovnikov addition of the proton 


(2-methylpropene) generates the stable tert-butyl cation. 


The carbocation that is generated is trapped by another molecule of isobutylene, pro- 
ducing a new carbocation. 


f^ f^ CH; CH; 
CH,2C-———- HCS C —> CH;—C—CH,—C 

\ \ © | 

CH; CH; CH; CH; 


isobutylene plays the 
role of the nucleophile. 


Unlike the reaction of isobutylene in the presence of sulfuric acid that was de- 
scribed in Section 9.3a, this process utilizing H[BF3OH] does not stop at the dimer 
stage, because the carbocation is stable at low temperature and elimination is slow. In- 
stead, the addition step occurs repeatedly thousands or even millions of times to pro- 


duce a cationic polyisobutylene derivative. 


CH; CH; CH, CH; CH; CH; 
+ / > ae | + 
SL eurn нс > CH,—C—CH,—C—CH;-C 
G 
CH; CH, CH, 07 CH; CH; CH; 
f^ 
CH; CH; CH, HESR ihe T hu 
CH. 
CH; ¢ сн, : CH,—C umet 5 е CH, € сн, 
CH; CH; CH; со A CHJ, CH; 


At some point during the polymerization process, elimination does occur, and the 
final polymer is formed. This termination step may occur at any time, so the product 


comprises a mixture of polyisobutylene molecules with a range of molecular weight val 


ues (Section 26.1c). 


CH; CH; CH; CH; CH; CH; 
| | + / -н* | 

сн, t CH; j CH; ©. > CH s CH,—C CH C. 
CH; CHyJ, CH; CH; m CH; 


Polyisobutylene 


аш iji 


——  À 


Den ctc ti cone 


9.3 The Formation of Carbon-Carbon Bonds 


9.3c ELECTROPHILIC ADDITION PATHWAYS ARE Usep TO FORM 
CARBON-CARBON BONDS IN BIOCHEMICAL SYSTEMS 


It may be somewhat surprising to learn that living organisms can readily generate and sta 
bilize carb . The methods used to make carbocations do not employ strong acid: ў 
Me pir generated. these electrophiles can react with alkenes, Just as Bobarylene doe : 

qualene, a molecule with 30 carbon atoms and six double bonds, is the bio 
synthetic precursor of the steroids. It is made from five-carbon (C5) com sounds re ; 
pas s dimethylallyl pyrophosphate and four molecules of Боретїепу! руго- 

osphate ree successive additi acti А i 

ee oe as reactions that take place between carbocations 


о о-о OF 
22 gc sse se 


isopentenyl pyrophosphate 


о о-о O- - - 
2 ee V V 42790 
SS o^ "o^ “о- bd Pub d pu 


о о-о O- 
5 PN VW VA 
EN or ser Sas 


Dimethylallyl pyrophosphate 


о (е) 


G 
eranyl pyrophosphate Isopenteny! pyrophosphate 


о о-о OF 
VY WV 


o" ^o" `o- 


n3 EN 
Su о Е 


Farnesyl pyrophosphate | 


Squalene 


eee ie group in all of the processes shown in Figure 9.3 (and many other bio- 
Enos hate pd is the pyrophosphate ion. (An example in which the related 
idee a. nada asa leaving group was given in Section 7.4a.) Even though we 
НА пе рор р osphare ion in its completely deprotonated form, realize that the 
Be ot proton оп and the environment of an enzyme active site can influence its de- 
ae о hence its acid strength. The monoprotonated form, НРО", has 
EN am 2 Bmg of the ammonium ion, and the forms with additional protons 
саай ра с. w makes these ions relatively weak bases, hence reason- 


о 
^q OH Я РН ph о оно он о оноо 
Ho^ РА V = MM = NV WN 
о он но Ы ^o- о“ “с ee eer 
PK, = 0. 
0.9 pK, = 2.0 pK, = 6.6 . рК„= 9.4 
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Figure 9.3 

The pathway for squalene 
biosynthesis from five-carbon 
precursors. 


о о-о 07 
=== WV WV 
ae or has 


ee 
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In the first step of carbon-carbon bond formation, dissociation of the leaving group 
from dimethylallyl pyrophosphate produces a resonance stabilized allylic carbocation. 


A good leaving group 
£M 0970 


p 1 it DES. pu A 

) кет== > 

Мо P—0—P—0- “ d 
a Le Resonance stabilized allylic cation 


This reaction is the same as the first step in both the Syl (Section 6.2) and E1 (Section 
8.1) mechanisms. In this biochemical transformation, which occurs within the active 
site of an enzyme, this carbocation may also be stabilized by interactions with negatively 
charged groups in addition to the usual resonance and inductive effects inherent in the 


allylic framework. 
In the next step of squalene biosynthesis, the f bond of isopentenyl pyrophos- 


hate reacts with the dimethylallyl carbocation to form a new carbon-carbon bond. 
Just as for the dimerization of isobutylene described in Section 9.3b, this process occurs 
in the Markovnikov fashion, with the new bond forming at the terminal carbon atom 
of the isopentenyl group. A tertiary carbocation is formed in this step as well. 


Negatively charged residue helps 
stabilize the carbocation. 


"im active site 
= io z бзш p» E. n 
| AY 2 ОРО; ОРО; үл м OP0;7-0P0j^- 


,Dimethylallyl isopentenyl pyrophosphate | 


. cation 


Markovnikov addition has occurred. 


This intermediate carbocation is then deprotonated by a basic residue within the en- 
zyme active site, producing geranyl pyrophosphate. 


p ааа p i 
2 br Ie orooro; f: А SS ES OP0;--0P04- ; 
H Í > | 
^N HOPES Geranyl pyrophosphate Н f 


B is a basic site provided by the 
side chain of an amino acid. 


The mechanism of this biochemical dimerization process is the same as that for the 


sulfuric acid catalyzed dimerization of isobutylene (Section 9.3a). The carbocation is 
formed in different ways, but the addition step in each process occurs by the same 
movement of electrons and with the same regiochemistry. 


i 


ai 


— 


тикле 


x erret a tmm A tet apte 


9.3 The Formation of Carbon-Carbon Bonds 


The next stage in the biosynthesis of squalene is the conversi 

В ersion of geranyl pyrophos- 
phate to farnesyl pyrophosphate (Fig. 9.3). Propose a mechanism а оин 
tion, showing the movement of electrons with curved arrows. 


ree "-'— 


9,3d ELECTROPHILIC ADDITION PATHWAYS CAN Be USED 
To Form RINGS 


The electrophilic addition of carbocations to alkenes is not just used to make aliphati 

compounds. If a carbocation can be generated in a molecule that also has a dd ible 
bond, then a cyclic product may be formed. Recall that having a nucleophile and а à 
trophile in the same molecule leads to intramolecular reactions (Section 7.2c) A un 
minal alkene forms the six-membered ring preferentially and a 2° санынар is 
generated. Formation of a five-membered ring would have to form via a pri is 
bocation, which does not exist (Section 6.2b) еее 


CH 
Pari CH; 
H,C  N CH; нс “ен, 
H i у, | 
ас HC С 
C А H Nig. й, “н 


Markovnikov addition 


| Allylic alcohols are prone to form carbocations, so this structural unit is commonly 
шогале! within the substrates that are used for cyclization reactions. The OH 
group is protonated by formic acid, and water dissociates to generate the carbocation 


x | 1 
SS 
н Ссн ——À "a 
@ 
2 (formic acid) 
:OH *:OH, 
N њо < : 
——À ——À "m 

Ew 5 
C+. 

‘OH Resonance stabilized carbocation 


ER omes the carbocation is intercepted by the other double bond in the mol- 
: step creates the ring and produces a second carbocation. In this example 


formate i i morer [Vi 

ton traps this carbocation, whi i i 

: ich is ili 

P m А О eactive than the resonance-stabilized 


C 
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CHAPTER 9 
EXERCISE 9.12 


Propose a mechanism for the following cyclization reaction, the first step of which is 
protonation of the tertiary alcohol OH group and formation of a 3° carbocation. Show 
the movement of electrons with curved arrows. 


CH; CH; 


9n H504, H20, 0°C OH 
CH; 
CH; 


9.3e RING FORMATION ALSO OCCURS IN NATURE 

It follows logically from the material presented in Sections 9.3c and 9.8d that if carbo- 
cations can add to alkenes in living systems to form acyclic molecules such as squalene, 
then ring formation must be possible, too. Indeed, under appropriate conditions, ger- 
anyl pyrophosphate (Fig. 9.3) cyclizes to form products with six-membered rings. The 
(E) isomer of geranyl pyrophosphate can be isomerized to its (Z) isomer via the allylic 
carbocation formed by dissociation of pyrophosphate ion. 


| 


: o о-о o о oo oO 
М М ә SS YS OM 

SQ Wu “РУ „РМ = aa m PES Я 

о о о [9] о о 


| 


Geranyl pyrophosphate 
{(Z) isomer] 


Gerany! pyrophosphate 
КЕ) isomer] 


EXERCISE 9.13 


Propose a reasonable mechanism for the foregoing isomerization process of geranyl py- 
rophosphate. Rotation about a sigma bond in the carbocation is a required step in this 
process. Show the movement of electrons with curved arrows. 


The allylic carbocation formed by dissociation of the leaving group can be inter- 
cepted by the other double bond in the molecule, which generates the six-membered 
ring. This addition to the double bond occurs with Markovnikov regiochemistry and 


yields a tertiary carbocation. 


joie, 900. 
о о-о O0 e 
L end duni 
Lo ^o^ Nor G 
| | | 
“үт oO 
b "ar? or 
+CH, LO E md 
| z © * @ 
+ OH = 


о о-о 0 
\/ VA 
or se" So- 


Limonene 


a-Terpinol 


ИИИНИН 


2 


отровот тимур Poe e gore eem ОСУМ 


9.4 Hydroboration Reactions of x Bonds 


Finally, this carbocation can react (Step 3) with water to form o-terpinol, a molecule 
1 H : 3 

found in juniper oil, or it can undergo elimination to form limonene which i 

situent of orange and lemon oils. , s a con- 


Propose a reasonable mechanism for both the substitution and elimination reactions 
that correspond to Step 3 in the preceding scheme. 


ee 


9.4 HYDROBORATION REACTIONS OF 7 BONDS 


9.4a ALKENES REACT WITH BoRANE TO FORM ORGANOBORANES 


While electrophilic addition isa common mechanism by which alkenes can г th. 

pathways are available for the reactions between alkenes and electrophiles duh s 
cations. For example, borane (BH), which has an Ааа boron е 
is ап electrophile, reacts with cyclohexene to form c ae 


hydroboration. 
H 
BH; 
—_ 
H H 


[сала for a aeons does not involve formation of a cationic interme 
. Instead, this and related processes are concerted reactions th i i | 
ia | at occur via cyclic tran- 
sition states. (Recall from Section 6.3a that a species enclosed by square ЕЕ ith 
a superscript f is a transition state.) = 
The product of the reaction between rgan 
t an alkene and borane is called an o b 
m He ш 1955 by Herbert С. Brown; his leadership in developing ae 
з as useful reagents in organic synthesis duri i 
him De Nobel Prize for chemistry in 1979. di a EUM ME 
dm uim p problems had to be overcome before organoboranes were 
E i a Apes reagents, however, the most troublesome being that diborane (BgHg) 
and the precursor of borane, is pyrophoric (spontaneously flammable in айг). 


H 
Ha еН 
"лү wn 
B" — 
u” \/ чн == 2 BH; 


Diborane Borane 


Di i 
o d the prototype for molecules with three-center, two-electron bonds 
bridge тов ydrides display this type of bond in which а hydrogen atom forms | 
ИКЕ een two boron atoms. Boron compounds аге often good Lewis aci s be- 
‹ ron ix electrons. The small di 
E V Зу-їх electron s iameter of a hydrogen atom 
sin its bonds accessible, and i i 
EN Cr ea e, and they can be donated to a neighboring 


H + 

H., "m The two electrons in th: H bond are 
Se RG donated into the vacant p prbital of the 

H " / зң neighboring boron atorthis creates а 


three-center, two-electron bond. 
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Borane readily forms adducts with Lewis bases, accepting a pair of electrons from 
a heteroatom such as oxygen or sulfur. Tetrahydrofuran and methyl sulfide (Мез5) so- 
lutions of borane are commercially available, and they have overcome the difficulty of 


handling the pyrophoric diborane. 


H H CH 
Em Vu 
Н p н 2» 
H H CH; 
Borane-THF Borane-Me;S 


When an alkene is treated with ВН; · THF, its л electrons react with the boron 
atom and displace THF to form an initial adduct. This species then undergoes rupture 
of a boron-hydrogen bond with concomitant formation of carbon-boron and car- 
bon-hydrogen bonds. As already mentioned, this process is called hydroboration. 


H 
CH V. - CH, / 
id aik ee esu 
CH; if CH; \ 


...leading to the formation of an 


The п bond of the alkene reacts with 
intermediate... 


the boron atom... 


H,C—H 
H,C—BH; 


H,C---H 

{| — 
H,C---BH 
...to the alkyborane product. The 
boron atom has only six electrons 
again, so reaction with another 
alkene molecule can occur. 


...that collapses via a four-centered 
transition state... 


The reaction between an alkene and borane or organoboranes can continue as 
long as B-H bonds are present. Three equivalents of the alkene react with the original 


borane molecule to produce a trialkylborane. 


BH, + H,C=CH, —> СН = CH;—BH; 
Ethylborane 


CH,—CH,—BH, + H,C=CH, —> (CH3—CH;); —BH 
Diethylborane 


(CH,—CHj,—8H, + H,C—CH; —> (CH,—CH3,—B 


Triethylborane 


Steric and electronic factors can stop the reaction of borane with an alkene at the 
monoalkyl- or dialkylborane stage, and many of these compounds are useful hydrobo- 
a yep en ae 
rating agents themselve т example, borane reacts with 1,5-cyclooctadiene to form 
9-BBN-H (9-borabicyclo[3.3.1]nonane) and with catechol to form catecholborane. 
These organoboranes are especially useful because they have only one B-H bond, 50 
the stoichiometry of any subsequent reaction with an alkene or alkyne can be readily 


controlled. 
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9.4 Hydroboration Reactions of x Bonds 
E p 
вн, (/B те OF at a 
=> = —> QB—H + 2H, 
OH o 
4,5-Cyclooctadiene 9-BBN-H Catechol Catecholborane 


EXAMPLE 9.3 


Borane reacts in THF solution with 1 equiv of 2,3-dimethyl-2-butene and forms thexylb- 
orane (thexyl is an abbreviation for terthexyl), which has the formula CgH)5B. Draw its 
structure. Why is thexylborane the major product of this reaction? 


MÀ 


First, draw the structure of the alkene (below, 2,3-dimethyl-2-butene). Borane reacts with 
this alkene via a fourmembered ring transition state such that a hydrogen atom at- 
taches to one carbon atom, and the boron, with its other two hydrogen atoms, attaches 
to the other. This alkene reacts only once with borane because thexylborane the prod- 
uct, is too hindered at boron to react with another equivalent of 2.5 dimethbyl-2-butene 


Hi ^з нс CH; НС CH; 

= X onu H.Ca b. ÉL ACH 

La PUN Loo, Mone gs . 

HaC CH, HC | CH; E Xe Tee lox»o'ereo 


H—BH, н вн, 3o go farther 


2,3-Dimethy!-2-butene Thexylborane, (СН В) 


EXERCISE 9.15 


Borane reacts in THE solution with 2-methyl-2-butene to form the dialkylborane 
(sia) BH, called disiamylborane [short for di(secisoamyl) borane] in which the boron 
becomes attached to C3 of the starting alkene. Draw its structure. 


9.4b HYDROBORATION IS A STEREOSPECIFIC 
AND REGIOSELECTIVE REACTION 


B : 

газе the reaction between borane and an alkene occurs via a four-nembered ring 

s Д state, the addition process is a stereospecific syn-addition (or cis-addition) 
ich means that the H and B attach to the same side of the л bond. ' 


H H BH, 


syn Addition 


BH, 
— 


H3C H 


dc pe oboration is also regioselective: The(hydrogen atom from borane-attaches to 
i 2x of the alkene 1 with fewer hydrogen atoms, so it appears to be “anti- 
ee. re label hydroboration as anti-Markovnikov is misleading, however, be- 
difference Һ chanism is not the same as that for electrophilic addition. A major 

e between borane and HCI, a typical addend that reacts via a polar mecha- 


nism, i К d 
sm, is the reversed polarity of the bond between H and the heteroatom. 


5- s*/ 6* o 
H—B H—CI 
N 
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With boron being the more electrophilic atom in the borane molecule, it makes 
sense that the hydrogen atom should attach to the more highly substituted carbon 
atom, which can support a partial-positive charge more readily. 


CH; 
CH; - BH; pers 
35, \ + H 
/ 
eH BH 
H H H ; 


A partial positive charge develops 


A partial positive charge develops 
at the 3° carbon atom (more stable). 


at the 2° carbon atom (less stable). 


Furthermore, the boron atom is larger than the hydrogen atom, so the bulkier carbon 
atom of the alkene is the one that forms a bond to hydrogen. Both effects—steric and 
electronic — contribute to the regiochemistry of the hydroboration reaction. 


H 
cH cH 
ња T zat 
5 e H 4 iH 
н 
H uM 


Large groups in Large groups 
proximity (less farther apart 
favorable) (more favorable) 


EXERCISE 9.16 


Draw the structure of the major product expected from treating each of the following 
compounds with BHs - THE. Based on the examples in the text, consider how many 
alkene groups will react with the boron (1, 2, or 3), as well as the stereochemistry and 
regiochemistry that are likely. 


t^ "MY зүү 
o саа == с ——_——— 


EXERCISE 9.17 


Both 9-BBN-H and catecholborane are more regioselective in their reactions with an 
alkene than is borane itself. Draw the structure of the product formed in the hydrobo- 
ration reaction of 1-hexene with each of these reagents. 


An alkyne undergoes hydroboration with the same regio- and stereochemistry as an 
alkene. An alkyne can react with 2 equiv of borane, however, because it has two л bonds. 
The reactions of alkynes with 9-BBN-H, catecholborane, or (зїа)әВН (Exercise 9.15)— 
reagents that have only one hydrogen atom attached to boron—can be stopped after only 


1 equiv of the reagent has added. The following equation illustrates the reaction between — 


l-hexyne and catecholborane: 


сньснснгсН; H 


°, C=C 
CL М syn Addition occurs, and the 
CH;CH,CH2CH2 C=C—H — H B-O boron is attached to the 


o terminal carbon atom. 


1-Hexyne 


cose AU 


f 
| 
1 
E 
Ё 
|; 
$ 
t 
{ 
{ 
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[EXERCISE 9.18 


Draw the structure of the product formed from the reaction of 9-BBN-H with 3-hexyne. 


9.4c  ORGANOBORANES CAN BE CONVERTED TO ALCOHOLS 


Organoboranes are known to undergo dozens of different reactions. The most com- 
mon of these transformations is one of the best methods to convert an alkene to an 
alcohol and a terminal alkyne to an aldehyde. 

Generally, reactions of organoboranes make use of boron's Lewis acid character. 
An organoborane reacts with a Lewis base to form a complex in which boron has a 
formal negative charge. In such species, the attached carbon atoms (R groups) have 
nucleophilic properties. 


R R R 
\ xY Nef 


B 
x 


If the Lewis base that reacts with the organoborane has an appropriate leaving group, 


then one of the R groups migrate, with displacement of that leaving group, in 
much the same way that а reaction occurs. Cog 
Leaves B ages teX 


Migration of an alkyl group from B to X occurs with tetrahedral 
boronate ions of this general type. Here Ү is a leaving group. 


To convert an organoborane to an alcohol, hydroperoxide ion (HOO) is added. 
This species is made from the acid-base reaction between hydrogen peroxide and base. 


б + HÖ 


The negatively charged oxygen atom of the hydroperoxide ion reacts with boron to 
generate the tetrahedral adduct. 


GH 
B—C,H, ——9 a i 
72115 м, 

Ф сн ip—oH 


© 2 — С.Н; 
N 


Then, one of the R groups migrates to the oxygen atom attached to boron and expels 
OH- as a leaving group- Hydroxide ion can function as a leaving group h 
an oxygen—oxygen bond is breaking, nota carbon-oxygen bon. 


C Hs о, Chs Chs pis . 
SUY i — B—O: + Он 


ZN? x 3 
Сн; OTOH ® сн! 


The resulting alkoxy(dialkyl)borane can subsequently react with additional hy- 


droperoxide ion, and a second R group mi rates. This process repeats with migration 
of the thin р. 
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GH GH CH,—O GH C;H,—O GH 
2 E / 2''5 -ooH 215 \ / 21715 -оон 215 \ / aru 
B—O B—O B—O 
/ / / 
GHS Xa C;H; d. GHs—O 


EXERCISE 9.19 1 


Supply the details in the mechanism for each step of the foregoing scheme. 


Once formed, the tri(alkoxy)borane undergoes hr drolysi a series of acid—base 
reactions that involve } hydroxide } ion as a nucleophile. After the initial adduct forma- 
Bonalkoxide ion dissociates and reacts with water to form a molecule of alcohol, 
which is the organic product of this transformation. = 

nis Де Б" ые : 


сн, С.Н; 


/ CH,—0, :0—©Н» 


Ni ў 


pg —ифн == в 

AS О S , 

C;H,—O GHs—O  :QH i 
i 

| 
CH,—0, :Ö—CH GHs—O, i 
We C NAR е _, " 2% 
AY == B—OH + 7:0—GH; 
CH,—O  :0H C;H;—O 


-б—сн; + BÓ == HÓ—CGH, + “ÖH 


Hydrolysis continues until all of the alkoxide groups have been liberated. The final 
boron-containing products are salts of boric acid, НзВОз. 


(RO,B + (xs) NaOHug ——? 3 ROH + Na;BO; 


The overall process of hydroboration followed by treatment with hydrogen регох- 
ide and hydroxide ion (hydroboration-oxidative hydrolysis) converts an alkene to an 
alcohol in which it appears that H and OH have added to the double bond. Note that 
the fegiochemistry of this procedure is opposite that observed for the acid-catalyzed 
Markovnikov addition of water to an alkene (Section 9.1c). 


куттин гл рирге" урт ep rrt 


" Anti-Markovnikov" addition of HO 


1. BH, THF 
(85%) to the double bond. 


2 но, ОН” 
H- 0g OH 


(+enantiomer) 


rm STITT 


a 
x 


enmt n 


Markovnikov addition of Н,О to the 
double bond. 


Hydroboration-oxidative hydrolysis is said to cause *"anti-Markovnikov" addition of 
water to the double bond. The term *anti-Markovnikov" in this context provides a way 
to keep track of the regiochemistry of addition, but it has nothing to do with the actual i 
mechanism of the reaction. f 
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Migration of the alkyl group from the boron atom to the oxygen atom of the hy- 
droperoxide group occurs with retention of configuration. This fact is aptly illustrated by 
the reaction of I-methylcyclohexene with borane in which the methyl group.and the 
boron atom are trans. After treating the organoborane with hydrogen peroxide and 0 
base, we obtain trans-2-me thylcyclohexanol as the product. The stereochemical relationship 


between substituents does not change during the oxidative hydrolysis step. as 

H H 
CH; i ACH i 

BH, $^ ? њо, OHT ich; 

syn-addition 4. retention 
H Н H TH 
[e] 
H^ ^H ? 
19 - A 


Same stereochemistry 


; Hydroperoxide ion also reacts with vinyl boranes, which are formed by hydrobo- 
ration of alkynes, and the products are vinyl alcohols. As you learned in Section 9.2b, 
a vinyl alcohol is normally unstable: it fautomerizes in this case to form an aldehyde. 


am / N / 
с=с ——— oe = m 
OLX. "a. с=с о + "OH 


R н R H R H 


N 
Nd 2290: Е? gutomerism a "hw 


A SP © М Р, 
à ve T) H он i % 


Compare this sequence with that for hydration of an alkyne, which produces a ketone. 


СН H 
Ptcl,, Н;О, THF / 
> С E = CgHyg—C— CH; 
HO H | 
СН —С==С—Н 
atig H 


‚ 1. catecholborane 


2. H,02, OHT к” FU <> CHag— CH; — CHO 
H OH 


ii .20 
Юга i 
w the structure of the major product expected from each of the following reactions: 


a. b 


С 1. BHy THE 2 1. BHSTHE 
————ÁÀ—À 
Z. H,0,, OH EXT oF 
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9.4d ORGANOBORANES UNDERGO PROTONOLYSIS 


The migration of R from boron to an oxygen atom of the hydroperoxide ion provides 
a good way to make alcohols from alkenes via organoboranes. The R group can also be 
induced to migrate from boron to a proton. The proton cannot come from any source, 
however. In fact, water and even dilute mineral acids, such as hydrochloric acid, have 
little effect on many organoboranes except to hydrolyze the bonds between boron and 
heteroatoms to which it is attached. For example, c - 


о EN 
Co н ~O - H \он | E. 
= у В 1 B. 
CH;CH;CH;C—— CH THF N О ъз” мү ‘eH + Cr 
H н o> оң 


Carboxylic acids, on the other hand, react with organoboranes to cleave the C-B bond. 
The process that replaces a heteroatom with a proton is called protonolysis. 

When an organoborane is heated with a carboxylic acid, a Lewis acid-Lewis base 
reaction occurs between the boron atom (Lewis acid) and the carbonyl oxygen atom of 


the carboxylic acid (a Lewis base in this transformation). 


R _—— 10: R H 
\, | RS / Y 
B—R ZN, a DP y 
к HO CHCH © R O=C 
TON 
CHCH; 


The electrons from the B-R bond subsequently move toward the proton, and then 
through the carboxylate group toward the oxygen atom with the positive charge. This 
second step generates a carbon-hydrogen bond in the molecule R-H. 


st 
а Н R—H 
RS J) "o 8" А RS " 
Pvt \/ ) A~ 
R o=C @ R 0—C 
XN N 
CHCH; CH;CH; 


The protonolysis of a carbon-boron bond is useful in two instances. First, it pro- 
vides a good way to introduce deuterium ?H, also denoted b into a molecule. No- 
tice in the following reaction that the protonolysis step occurs with retention gf 

— -—— 
= 


configuration. 
H 
CH; i CH; 
BHa THF CH,CH,COOD 
EL cc LI = 
H тен 


BH, 


Second, hydroboration-protonolysis can be used to convert an internal alkyne to à 


cis-alkene. 
; 4 ) fh 
(eem CH, M к< EBCOOR M у Kos 


H B(O,CgH.) H H 


(8696 yield) (95% yield) 
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XERCISE 9.21 


Draw the structure of the major product expected from each of the following reactions: 


A 1. (catechol)BH, THF | Hs 
. (catechol)BH, ті 1. BH, THE 
н„сн,с=сн = ^ ss coon? 
CHC 2 2 2. CH3;CH,COOD, A 2. CH3CH,COOH, А 


9,5 THE ADDITION OF CARBENES TO Т BONDS 


95а А CARBENE ADDS TO AN ALKENE TO PRODUCE A CYCLOPROPANE 


The last type of electrophilic reagent that we will look at in the addition reactions of 
alkenes comprises the carbenes, which are electron-deficient species with the general for- 
mula RoC: (section 2.5e). The carbene carbon atom has only six electrons, so it is a po- 
tent electrophile and reacts with the nucleophilic п bond of an _alkene to form а 


threemembered ring. Cyclopropanation, as this reaction is called, is a concerted process. 
a rt 


Set RN 
26 \ ET 
SS ә Fd 

AN R a 


One way to make methylene, the simplest carbene, is from diazomethane either by 
heating or irradiating with light, a process called ‘photolysis. iazomethane is explosive, 
so it is difficult to work with, and methylene produced in this reaction reacts with many 
other functional groups besides x bonds, so it finds little use in making cyclopropane 
derivatives. 


Diazomethane Methylene 


Instead of generating carbenes themselves, we often make_use of carbenoid 


reagents, which react as if they were carbenes. One of the simplest procedures is the 
Simmons-Smith réaction, which involves treating CHI» with Zn that has been coated 
nie == 


with copper. 
H H 
CH;L, Zn(Cu) 
CX „= ——› Ср» (92%) 
H 


H 


Cyclohexene Bicyclo[4.1.0]heptane 


The Simmons-Smith reaction works poorly in many cases, however, so other zinc 
compounds find use instead. Diethylzinc, a commercially available organometallic 
compound (more about organometallic compounds will be presented in Chapter 15), 


M with trifluoroacetic acid and then with diiodomethane in dichloromethane so- 
tution at 0°C to form lodomethylzinc triffuoroacetate. 


CH;CI 
(CH3CH,),2n + CF,COOH + CH, сә (CF;COO)Zn—CH,—I + CHCH: + CH;CH; 
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Alkenes subsequently react with this reagent to form the corresponding cyclopropane 


derivative. Notice that the stereochemistry of the starting alkene is retained in the cy- 
clopropane product, a clear indication that the addition step is concerted. 


( ) H 9 hu 
/ (CECOOZn— CH, (8096) 


С=с Cd. OC н AU CH,OH 
H CHOH CH; 
(CF,COO)Zn—cCH;—1 | В 
=“, ае и “©. T н (72%) 
H H CH, 


For both the Simmons-Smith reagent and the trifluoroacetate complex just men- 
tioned, the zinc ion acts to capture the iodide ion as the carbenoid center reacts with 


the alkene л bond. 


| 

- H 
M e n 
"c [| —— («Rcoozn—i + cz | 
/ е 


(CECO \ 2. ког 


au 


9.5b — DICHLOROCARBENE 15 MADE BY O-ELIMINATION 
Another method for making carbenes uses the reaction between chloroform and a 


base like hydroxide ion in water, or tertbutoxide ion in tert-butyl alcohol. This acid-base 
reaction generates the trichloromethyl anion. 


ci 
| «он = 
CI—C-—H => C—C + Њо 
iw 
c cl 


The hydrogen atom of chloroform is slightly acidic 
because of the highly electronegative chlorine atoms. 


This anion is somewhat unstable and loses chloride ion by a process called o-elimination- 


:Cl: cl 

i \ "" 
d—c — с + E 

сі cl 


Dichlorocarbene 


o-Elimination occurs when a leaving group and a proton are removed from the 924 
carbon atom. Ву contrast, the E2 reaction (Section 8.2) is an example of B-elimination е 
cause the leaving group and proton are removed from adjacent carbon atoms. 


B-Elimination 


Chapter Summary 


If dichlorocarbene is generated in the presence of an alkene, cycloaddition occurs 
to form the dichlorocyclopropane. This reaction is a stereospecific syn addition, so the 
stereochemistry of the alkene is retained in the cyclopropane product. 


сс, 


CHCI,, NaOH flu... 
= H (79%) 


H 


XERCISE 9.22 


Draw the structure, including stereochemistry, of the major product expected from 
each of the following reactions: 


m 

= 
n] 
Ea 
a 
=x 


3 
(CF;COO)Zn —CH;— N / сно», OHT 
= eS 
THC», 0°C F с 
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Section 9.1 Electrophilic addition reactions of alkenes 


Electrophilic addition is a two-step process. The first step takes place between a 
п bond and the electrophilic portion of a reagent. This first step produces an 
electrophilic intermediate that, in the second step, reacts with the nucleophilic 
portion of the original reagent. 


Regiochemistry refers to the orientation that a reagent adopts as it adds to the 
T bond of an alkene. 


* HX (Х = halogen or OH) adds to an alkene in such a way that the Н becomes at- 
tached to the carbon atom of the alkene that initially has more hydrogen atoms. 
This observed orientation is described in the statement of Markovnikov's rule. 

* The x bond of an alkene (nucleophile) reacts with a proton (electrophile) such 


that the more stable carbocation is formed. This statement is another way to ex- 
press Markovnikov’s rule. 


Addition of Хә (X = Cl or Br) to an alkene proceeds via a cationic intermediate 
called a bridged halonium ion, which has a three-membered ring. 

The stereochemistry for addition of the halogens to an alkene is anti, which 
means for a cyclic alkene that the halogen atoms in the product are trans. 
Addition of Хә (X = Cl or Br) to an alkene is stereospecific, which means that 
only a single geometric isomer is formed. 

Addition of Хә (X = Cl, Br, or I) to an alkene in aqueous solution occurs via a 


bridged halonium ion. The nucleophile that subsequently reacts with the 
Cationic intermediate is water. 


The Product of halogen addition in an aqueous solution is called a vicinal halo- 

hydrin. Addition is stereospecific (anti) and regioselective: The halogen atom is 

the electrophile, and Markovnikov addition is observed. 

err curation is the addition of Hg(OAc)* and ОН” to an alkene л bond. 
€ mercury group can be replaced with Н by treating the product with NaBH,. 


CHAPTER SUMMARY 
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• Oxymercuration proceeds via an intermediate that has a bridged mercury atom. 
Addition is stereospecific (anti) and regioselective (Markovnikov orientation). 

e Solvomercuration is a more general form of the oxymercuration reaction, and 
it involves use of a solvent other than water. It can be used to make ethers that 
are difficult to prepare by the Williamson method. 


Section 9.2 Electrophilic addition reactions of alkynes 
e Alkynes react with HX or Xs in the same way that alkenes react. Addition is re- 
gioselective (Markovnikov). An alkyne can react with 2 equiv of the reagent. 
e Water adds to an alkyne to form a vinyl alcohol, which undergoes rearrange- 
ment (tautomerism) to form a ketone. This hydration reaction is catalyzed by 
metal ions. 


Section 9.3 Formation of carbon-carbon bonds 
e Carbocation addition to an alkene т bond creates new carbon-carbon bonds 
during formation of dimers, polymers, or rings. Addition is regioselective 
(Markovnikov) . 
e Carbocation addition to an alkene т bond in biochemical systems occurs via an 
Syl-ike process and is used to prepare polyenes and ring compounds. 


Section 9.4 Hydroboration reactions of x bonds 

e Hydroboration is the addition of a boron-containing group and a hydrogen 

atom across an alkene л bond. 

° Hydroboration is said to be anti-Markovnikov, which means that the H attaches 

to the carbon atom that initially has fewer hydrogen atoms. 

e The hydroboration process is a syn-addition, also called a cis-addition, which 

means that for a cyclic alkene, the B group and H in the product are cis. 

• An organoborane, the product formed from the reaction between an alkene 
and borane, reacts with hydrogen peroxide and base (oxidative hydrolysis) to 
form an alcohol via replacement of the boron-containing group with an OH 
group. 

Oxidative hydrolysis of an organoborane occurs with retention of configuration 
at the carbon atom bonded to boron. 

e Hydroboration of an alkyne produces a vinylborane. Oxidative hydrolysis of the 
vinylborane yields a vinyl alcohol, which rearranges to the corresponding car 
bonyl compound. 

Organoboranes react with carboxylic acids to form hydrocarbons, a process 
called protonolysis. 


Section 9.5 The addition of carbenes to т bonds 

e Acarbene has a carbon atom with only two bonds and six electrons. 

ə A carbene reacts with an alkene to form a cyclopropane derivative via а ster 
ospecific syn addition. 

• The simplest carbene, methylene, :CHs, can be made from diazomethane by 
heating or by photolysis. Carbenoid compounds made from diiodomethane 
and zinc reagents furnish methylene in a more convenient form for reactions. 

e Dichlorocarbene is made by treating chloroform with base. The carbanion pf 
duced initially then undergoes elimination of chloride ion to form :CCls. 
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Section 9.1b REACTION SUMMARY 


Addition of HX (X = Е Cl, Br, I) to an alk i 
; Cl, Br, ene. The regiochemistry deri 
tion of the more stable carbocation (Markovnikov од) СУ 


^ л 
с=с нх 
FON вав ү" 


Section 9.1c 


Addition of H3O to an alkene (h; i 
ydration). The regiochemist i i 
of the more stable carbocation (Markovnikov а) НЕЕ 
H HO H 
= H20, HY 
\ Y=HSO,, HPO, 77 


Section 9.14 


: itio i i vi dditio observ 
nof Xo to an alkene in an inert solvent. Anti addition is еа | 
Ааа ? | 


Section 9.1е 


Additi 
on of X» to i of w: The ster emis is anti, and 
to an alkene in the presence f water. Th eoch i try i i 
2 D 


the regiochemi Н 
" mistry is such that th. i : 
highly E асанна дый. ои 


\ p HO ; 
с=с X, HO У 4 AH 
у | k=O Bet > СС 
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Section 9.1f 

The reaction of Hg(OAc)2 (OAc = acetate ion) with an alkene in the presence of HyO 
(oxymercuration) or ROH or RCOOH (solvomercuration). The stereochemistry is 
anti, and the regiochemistry is such that the Hg(OAc) group in the product is attached 
to the less highly substituted carbon atom. 


H RO { 
/ Hg(OAc)2, ВОН \ Ё АН 
\ R=H, alkyl, aryl, acyl ae \ 
HgOAc 


\ 
c=C 
/ 


The HgOAc group can be replaced by a proton upon reaction with NaBHy. 


RQ RQ, 
Ej NaBH, EtOH 3 
po ul мев, занон, ү еН 
\ TOS 
HgOAc H 


Section 9.2a 
Addition of HX or Xs to an alkyne. For HX, the regi 
tion. Addition can occur once or twice. 


ochemistry is Markovnikov addi- 


et P. R H 
UM HX == Ху х—с—с— 
R—C=C—H X=F, Cl, Br, I ? F « X=F, Cl, Br, I x F с-н 
x H x H 


Section 9.2b 

Addition of H3O to an alkyne. Markovnikov addition is observed. The initial product 
is a vinyl alcohol, which tautomerizes to the corresponding carbonyl compound. Metal 
ions are used to activate the alkene п bond for addition of water. 


HoH Qo H 

H20, РЕСІ \ 

—— eS eee C 
/ \ / \ 
R H R н 


Sections 9.3a апа 9.3b 

Addition of a carbocation to an alkene. Depending on the acid used to generate a car- 
bocation from an alkene, dimers or polymers can be formed. Addition of a carbocation 
to a xt bond proceeds with Markovnikov regiochemistry. 


H 
Н jmd 
N / Rt w- SAM ^ « 
c=C ——3À 2C € ————» Dimer or polymers 


R 


Sections 9.3d 


Intramolecular addition of a carbocation to an alkene. If a carbocation intermediate is 


g can be formed. Substitution and elim- 


formed in a molecule with unsaturation, a гіп 
ination can take place after ring formation. 


+ 
/ ———À E —— Further reactions 
+ 
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Section 9.4a and 9.4b 


Hydroboration of alkenes. “Anti-Ma i 
А -Markovnikov" regiochemi i i 
istry is ob: 
[тоңсо мю of borane becomes attached to the more hi M ndn re 
atom of the original double bond. The stereochemistry of adadan is еш nu 


R 
H 
P / R;BH, THF N pre 
c kd АСС 
/ \ E ў, e 


Section 9.4b 


Hydroboration of alkynes. “Anti-Markovnikov” regiochemistry is observed in that the 


hydrogen atom of borane becomes attache of the o I 
ttached C2 of th. igi i 
yt er rp НА D riginal triple bond. The stere- 


E ES BR; 
R—cmc—a m, ү é 

/ N 

R H 


Section 9.4c 


— эше of E with hydrogen peroxide and base. A vinylb 
orm a vinyl alcohol, which tautomerizes лбе 
лпу! " to the co: i 
compound. The substitution of B by OH occurs with retention i ens 
n. 


H BH; H 
N. 7 с OH H BR 
a Co. Hon On P- e М. e | H;0; OH- E Ён н. £P 
\ 4 \ К \ => FES = R—C—C 
H R H ТА RT 
Section 9.4d 


Prot i i 

Bien coon of M Rubi with carboxylic acids. The replacement of boron by h 

EN rs with retention of configuration. Use of a deuterated carboxyli pee 
3COOD) replaces the boron atom with deuterium BIET 


H BH; H Йй н 


\ / CH,COOH, A \ BR 
4, H 
a ne ? c A p CH,COOH, A N P 
R 4 \ ZU CN уте 
R H R Й 
Section 9.5а 


е reaction of zinc carbenoid reagents with an alkene: « yclopr opanation The stere- 
ochemistr y of addition is Syn. 


/ сњ, 
с=с ha Z y A 
UK с=с (CF;C00)Zn—CH,—I | Sag 
CH; / oN 


| CH 
The Simmons-Smith reaction | 
Section 9.5b 


Additi i S 
ition of dichlorocarbene to an alkene. The stereochemistry of addition is syn 
ry Е 


pet © CHCl,, OH- 
/ N 


са, 
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ADDITIONAL EXERCISES 
9.23. transStilbene, CgHs-CH=CH-CgHs, reacts with bromine in methanol to yield 


two stereoisomers. Draw their structures. 


9.24. a. The following cyclization reaction has been observed in the mercuration—de- 
mercuration of the illustrated unsaturated alcohol. Propose a reasonable mecha- 


nism for this reaction. 


on 1. Hg(OAQ; [9] 


2. NaBH, 


b. Reaction of the same unsaturated alcohol with bromine in dichloromethane 
yields a product with only one bromine atom in it. Draw its structure and propose 


a mechanism that supports your prediction. 


9.25. Draw the structure(s) of the major product(s) expected from each of the fol- 
lowing addition reactions. Indicate the stereochemistry of the product as appro- 
priate. Relative stereochemistry should be shown using wedges and dashed lines. If 
a racemic mixture will be formed, draw the structure of one enantiomer and write 
the word “racemic”, or draw both enantiomeric structures. If diastereomers are 
formed, draw each structure; label meso compounds as such. Jf no reaction occurs, 


write N.R. 


a. b. 
(C =s _2n(Cu), Cha, С) Bra CHCl 
H3C 
Cs d. 
PM _ < HO, __ 1. catecholborane, THF 
НС С=С —СН;СНз 77 üucoon д 
e. f 
OLBHSTHE | zci H—CHCH,COOH Bra CH;Cl; 
2. H20% TO, on” (Z)-CH3CH,CH = 2 
h. 
9 1. ноодо)», №0 Ы сес _снсн PtCl, H20 
2. NaBH, a, ^ == ae THF 


CH; 


i j 
HF, _HR pyridine ‚ a“ 1. Hg(QAc}2, CH30H 
Hc G 2. NaBH,, EtOH 


9.26. What products do you expect to obtain from the following addition reaction? 
Propose a mechanism to rationalize and support your prediction. 


О. 


CH;OH 
| кты 
H504 


a 


Additional Exercises 


9.27. Draw and label a reaction coordi i 
rdinate diagram for th і iti 
products of methylenecyclohexane with а. sulfuric н. pene wn 


Which i iti 
process has a higher transition state energy? Which process forms a more 


stable carbocation intermedi 
ediate? Propos E 
process. pose a complete mechanism for the favored 


E ee iodine does not add to an alkene to produce a stable product, it can be 
carry out an addition reaction in which a nucleophile other than iodide ion 


is present. This characteristic is parti i ; i 
Beide лыо particularly applicable to iodolactonization, illus- 


An idodolactone 


Pro i i i 
pose a mechanism for this transformation (the first step is already shown) 


What is the stereochemistry of th ? i 
E uns d ry e product? Is the product chiral? (Making a 


9.29. Draw the str ucture(s) of the major product(s) expected from each of the fol- 
© i 

lowing addition reactions. Indicate the stereochemistr y of the product as appro- 

priate. Relative stereochemistr y should be shown using wedges and dashed lines. If 

a racemic mixture will be formed, draw the structure of one enantiomer and write 

the word “racemic , or draw both enantiomeric structures. If diastereomers are 


for med, draw each structure; label meso compounds as such. If no reaction occurs. 
» 


Q CHCl, OH- 
————À 
сн, 
H 
T 1. ВН; THF 
CI 2. Hj0;, ОН" IHOA HO 
Å -2 NaBH, EtOH” NaBH, EtOH 


Le CHOH , CH,OH 


1. 9-BBN-H, THF 
2. H:O; OHT 


__н80, 
Чеубїтаноп)” 


(CHj,CH — C=C —CH; 


_6һс00)п—сњ—-1 | CH,—I 
— (uec ^ 


g 
O HBr p 
н 
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CI 


i i hat can be made via hydroboration- 
.34. For the compounds in Exercise 9.33 d a 
93 oxidative bref draw the structure of the alkene needed as the starting material. 
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9.80. Whatis the major product expected from the reaction of 2-methylpropene “ш 
: each of the following reagents that undergo electrophilic addition reactions wi 


alkenes: 
a. Br-CN b. CgH5$S-CI 


9.81. Propose a mechanism to explain the formation of compound 1 from A and 


H3PO,. 
HPO, 
Anor *® SS 
А 1 


9.32. Indicate what reagents and solvents can be used to carry out the following reactions: 


^ OH 
——3À 
Da, CH; 
b. 
нс н H&C 
X с! — Ph—C—CH; 
/ \ 
Ph H Br 
: 
кеч i 
CH;CH,—C==C—CH,CH; ——> CH,CH:CHz CHCH; | 
d 


D= 


i i de as the major product of a re- 
.33. Which of the following alcohols cannot be ma й 
i gto between an alkene and borane, followed by treatment with hydrogen per 


oxide and hydroxide ion? 


OH 


CH;CH 
« ce Жо 


ADDITION REACTIONS OF 
CONJUGATED DIENES 


10.1 THE STRUCTURES OF DIENES 
10.2 BONDING IN CONJUGATED DIENES 
10.3 ELECTROPHILIC ADDITION TO CONJUGATED DIENES 
10.4 THE DIELS-ALDER REACTION 
CHAPTER SUMMARY 


As you learned in the previous chapter (Chapter 9), the x bond of an alkene is nucle- 
ophilic; so it reacts readily with electrophiles such as H*, Вг“, and BH. Molecules with 
two (dienes), three (trienes), or even several carbon-carbon double bonds (polyenes) un- 
dergo the same reactions with electrophiles as alkenes, but the reactivity of each dou- 
ble bond can be influenced by the proximity of the other л bonds. 

This chapter describes the structures and reactions of molecules having two double 
bonds (dienes), with particular attention paid to addition reactions of conjugated dienes. 
Besides undergoing reactions with electrophiles, conjugated dienes can participate in 
pericyclic reactions (Section 5.1c) because of the interactions between adjacent por 
bitals. To appreciate how simple pericyclic reactions occur, you will also learn some es- 
sential facts about molecular orbital (MO) theory. 


10.1 THE STRUCTURES OF DIENES 


10.1а IUPAC NAMES or PoLvENES INCLUDE THE NUMBER, TYPES, 
AND PosiTioNs or MULTIPLE BONDS IN A MOLECULE 


In the earlier presentation about IUPAC names (Section 1.3b), you learned that the 
multiple-bond index conveys how many double and triple bonds are present in a mol- 
ecule. The terms diene or triene, for example, indicate that a molecule has two or three 
double bonds, respectively. Likewise, the suffix —enyneis used to denote the presence of 
à double and a triple bond. 

. | тоге than one double bond is present in a molecule, the compound root word 
in its IUPAC names refers to the longest carbon chain that also includes all of the multiple 
bonds, even if that chain is not the longest in the molecule. The locations of the т bonds 
are normally each indicated with a numeral; and if there is a choice, the chain is num- 
bered in the direction that gives a lower number at the first point of difference. 


E CH,CH,CH, 
H,C=C 
CH;—CH- CH—CH, 1< 2, so: 2-propyl-1,4-hexadiene 
T 23 4 5 6 2-Propyl- 1,4-hexadiene 
6 54 3 2 1 5-Propyl-2,5-hexadiene 
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d from the reaction of 2-methylpropene with 


i j duct expecte У | 
stes шш лк h dergo electrophilic addition reactions with 


each of the following reagents that un 


alkenes: 
a. Br-CN b. CgH;S—Cl 


9.31. Propose a mechanism to explain the formation of compound 1 from A and 


H3PO4. 
НРО. 
Ay = oa 
A 1 


9.32. Indicate what reagents and solvents с 


a. a 
—э 
CH; CH; 


o 
с. | 
A RS 
CH,CH,—Ce-C—CH,CH, ——— CH,CH,CH/ — "CH,CHs 


"Co— CS 


9.83. Which of the following alcohols cannot be made as the major product of a ue 
| action between an alkene and borane, followed by treatment with hydrogen pet 


oxide and hydroxide ion? 


OH 


9.34. For the compounds in Exercise 9. 


an be used to carry out the following reactions: 


CH,CH 
cH; Cu i AAA 


33 that can be made via poe 
oxidative hydrolysis, draw the structure of the alkene needed as the starting materia. 
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10.1 THE STRUCTURES OF DIENES 
10.2 BONDING IN CONJUGATED DIENES 
10.3 ELECTROPHILIC ADDITION TO CONJUGATED DIENES 
10.4 THE DIELS-ALDER REACTION 
CHAPTER SUMMARY 


As you learned in the previous chapter (Chapter 9), the x bond of an alkene is nucle- 
ophilic; so it reacts readily with electrophiles such as H*, Br*, and BHs. Molecules with 
two (dienes), three (£rienes), or even several carbon—carbon double bonds (polyenes) un- 
dergo the same reactions with electrophiles as alkenes, but the reactivity of each dou- 
ble bond can be influenced by the proximity of the other л bonds. 

This chapter describes the structures and reactions of molecules having two double 
bonds (dienes), with particular attention paid to addition reactions of conjugated dienes. 
Besides undergoing reactions with electrophiles, conjugated dienes can participate in 
pericyclic reactions (Section 5.1c) because of the interactions between adjacent f or- 
bitals. To appreciate how simple pericyclic reactions occur, you will also learn some es- 
sential facts about molecular orbital (MO) theory. 


10.1 THE STRUCTURES OF DIENES 


10.1a IUPAC NAMES or POLYENES INCLUDE THE NUMBER, TYPES, 
AND POSITIONS OF MULTIPLE BONDS IN A MOLECULE 


In the earlier presentation about IUPAC names (Section 1.3b), you learned that the 
multiple-bond index conveys how many double and triple bonds are present in a mol- 
есше. The terms diene or triene, for example, indicate that a molecule has two or three 
double bonds, respectively. Likewise, the suffix —enyneis used to denote the presence of 
a double and a triple bond. 

. | If more than one double bond is present in a molecule, the compound root word 
in its TUPAC names refers to the longest carbon chain that also includes all of the multiple 
bonds, even if that chain is not the longest in the molecule. The locations of the x bonds 
аге normally each indicated with a numeral; and if there is a choice, the chain is num- 
bered in the direction that gives a lower number at the first point of difference. 


Example: 
CH;CH;CH; 
H,C=C 
1< :2- 1-1,4-hexadi 
ен, —CH=CH—CH, y 2, so: 2-propyl exadiene 
1 23 4 5 6 2-Propyl- 1,4-hexadiene 


6 54 3 2 1 5-Propyl-2,5-hexadiene 
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is also chosen, regardless of whether the lower 
triple-bond position. In case of a tie, however, th 
ber because it has a slightly higher pri 
*yne" in the name because of alphabetical order. 


tions for the stereochemistry of each doub 
field of the name, and numerals are required if mo 
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If both double and triple bonds are present, then the lower set of possible numbers 
number refers to the double- or to the 


e double bond is given the lower num- 
ority. Regardless of numbering, “ene” precedes 


Examples: H,C— CH CH— CH; — C= CH 


1 2 3 4 5 6 2-Hexen-5-yne 


E 1< 2,50: 4-hexen-1-yne 


6 5 4 3 r 4 4-Нехеп-1 -yne 


HC—CH—cH— Ce C-CHs 
1 2 3 4 5 6 2-Hexen-4-yne > = 2. but ene > yne, 50: 
6 5 4 3 2 1! 4-Hexen2 -yne 2-hexen-4-yne 


The names of dienes, where applicable (Section 4.1b), must also include designa- 
1е bond. These descriptors appear in the first 


re than one double bond has a 


descriptor. 
H CH; 
1 NU 
С CH, H H С=С 
/ V / Aa F \ 
c=C С=С H С=С 
/2 з°сд/ 5 9N /3 aN 
H rus CH; H CH; 
5 


(2E 52)-3-Methyl-2,5-heptadiene (E )-2-Methyl-1,3-pentadiene 


EXERCISE 10.1 
Draw a structural formula for each of 


a. (27, 42)-4Methyl-2,4heptadiene 
b. 2-Fluoro-1-penten-3-yne 


the following compounds: 


с. 9-Chloro-1,3-cyclohexadiene 
d. (2E, 42)-2,4-Hexadienal 


EXERCISE 10.2 


Give a systematic name for each of th 


а. b. с. а а. 
/2 ее 


40.1b DouBLE BONDS CAN BE ISOLATED, CONJUGATED, OR CUMULATED 
For a molecule with two or more double bonds, we can classify the relationship of the 
double bonds as isolated, conjugated, or cumulated. Isolated double bonds occur when 
the x bonds are separated by at least one sf?-hybridized atom, as in (E)-L4-hexadienc: 


e following molecules: 


^ y SR. <i 
2 
sp 5р 
С © CH: [e CH 
нс “< kd 3 Hc” "EE 2 | 
5р 
н 


1,3-Butadiene 
(conjugated double bonds) 


(E)-1,4-Hexadiene 
(isolated double bonds) 


ver teca met 


ü 


М 


| 
| 
| 


10.1 The Structures of Dienes 


a. Partial т bond formed by 


overlap of adjacent p orbitals TRUM 
т Bond B 

Now ш 

H, К 


b H H H H 
H Yee \ /_ Е" 
X / H es н c EX 
fut иез Yd ие» = ) 
H H H ` ui p" 


These are minor resonance forms because 


they have m 
CO ree ore charges than the structure 


Conjugated double bonds have an even numbe i 
А H T f idi 
the prototypic conjugated diene is 1,3-butadiene. Each M AD не 
tion, and its valence bond picture is shown in Figure 10. 1a. on arom has Sf bri gia 
are perpendicular to the plane in which the atoms lie. According to hel ne drea 
shown at the left of Figure 10.1b, the bonds between C1 and с coe е 
C4 are double bonds. and between eS ane 
Itseems, however, that the porbitals on C2 and C 
| » І 3 ; 
as neighboring orbitals overlap in benzene (Section $5 ea eno En to epit 
d E en bond representation to indicate this potential overlap, b: ph eda ше 
о so? Two of the resonance forms for 1,3-butadiene are shown 2 Fi боо 
these have a double bond between c2 and C3. Even though we ті "Rl 10.1b, and 
Er to the resonance hybrid because not every atom has e о. cd 
БЕ; Eu with the valence bond picture, they suggest that partial overlap b et, taken to- 
itals on C2 and C3 is, in fact, reasonable. In molecules with conj p between te p 
electrons can be delocalized. iri molecules witli conjugated т bonds, the 
Cuinulated double bonds have adj i 
; r ljacent 1 bonds with an sp-hybridi 
и The erie cumulene, as such compounds e eM 2 ш 
Dm a so called allene. The valence bond picture of allene is а DELE 
.2. Because the central carbon has sp hybridization, the C-C-C bond a: E nd 
ngle is °, 


but the terminal carbon atoms have sf^ hybridizati 

Th E 4 З ridization, so the H~ 

a Peg PR in perpendicular planes, w. uiii ar 2 
Ohe Е a once of this ge: ae E c € diene system are also in different planes. d 

T system are in different pl. geometry—that the groups at thé ends of the cumul 

Bee iene exists as pene ae that some cumulenes are chiral. For каш. 

though thi jecule h orimage stereoisomers that are not superim bl rs 

is molecule has no chiral carbon atoms, it exists as see en AM е. Even 


ls CH; CH; 
СС ЕЗ „СНз 
н” \ F с=с, 

H H H 


Enantiomers 


Nonsuperimposable mirror images of 2,3-pentadiene 


Figure 10.1 

Valence bond representation 
(a) and resonance structures 
(b) for 1,3-butadiene. 
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Figure 10.2 

The valence bond 
representation of 1,2- 
propadiene (allene), 
which has cumulated 
double bonds. 


о" 
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sp sp sp 
Hybridization Hybridization Hybridization 


с Bond ( Bond g Bond 


90/7 


This т bond is perpendicular 
to the horizontal plane. 


H 
180* 
ү \ " These hydrogen atoms „Н. (aN 2% These hydrogen 


` à i i І ССС atoms are іп the 
""Ce-CmC ) 120° are in the horizontal ns sre in ti 
«^ So plane. un NS vertical p 
120° 120° Н MT 
-C-C: 180° | | 
AC CR 120° This тт bond is perpendicular 


ZH-C-H: 120° to the vertical plane. 


EXERCISE 10.3 | 
For each of the following molecules, indicate whether the double bonds are conju- 
gated, isolated, or cumulated: 


H H um 
a. Bolako b. COM) с C 


d. 
HC 
ay CO X ccu — cu chc, 
/ 
ње 


10.1C CONJUGATED DiENES ARE More STABLE THAN ISOLATED 


AND CUMULATED DIENES 


Recall from Section 8.1c that the heats of hydrogenation can | used to ae = 
iliti be used to assess the - 
relative stabilities of alkenes. The same procedure can be due nd 
iliti i -, 1,3-, and 1,4-pentadiene were each nydrogenat 
bilities of the types of dienes. If 1,2-, 1,3-, an 1, adiens ans 
d diene is more stable than the 1 
entane, you would find that the conjugate: 
pins camus analogues (Remember: The more stable the compound, the less 


heat is evolved). 


JSON 


H,C=CH—CH=CH—CH; H,C=CH—CH,—CH=CH, H,C=C=CH—CH,—CHs 


1,4-Pentadiene 1,2-Pentadiene 


, EM 
increasing AMpydrogenation 


1,3-Pentadiene 


At least two factors contribute to the greater stability of the conjugated Ede 
first relates to the amount of s character in the ae one рн е pers, 
i bital has a higher probability o 9 
molecule. Because an electron іп an s or c п б 
і i between hybrid orbitals wi 
than an electron in a р orbital, the overlap 
1 : aee leads to the formation of bonds that are shorter, hence stronger 


n--——————— 


PON omen 


ilirida: danti аА 
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1.53A 151A 147 À 1.48 À 1.43 À 1.38À 
N f А \ \ P X f 
—c—c—  —c-c —С—с= С—С —С= =С—С= 
/ ХХ / N\ / / XÑ ^ c 
sp-sp? sp-sp? sp?- sp sp? sp? sp-sp sp-sp 
Figure 10.3 


Carbon-carbon single bond lengths as a function of hybridization. A conjugated diene has at 


least опе C-C single bond that is 1.48 A, whereas the shortest C-C single bonds in isolated and 
cumulated dienes are 1.51 A. 


Bond length data for carbon-carbon single bonds are summarized in Figure 10.3. A 
molecule is more stable when its bonds are stronger, so upon hydrogenation, a smaller 
enthalpy change occurs as the product is formed. 

The influence from delocalization of the л electrons is the second factor tbat 
makes a conjugated diene more stable than the other two types of dienes. This effect is 
especially important for aromatic compounds, where resonance effects are more sig- 
nificant, and this type of stabilization will be discussed in more detail in Section 17.1a. 
To see how bonding can be more effectively portrayed for systems with delocalized elec- 
trons, we will now look briefly at MO theory. 


10.2 BONDING IN CONJUGATED DIENES 


10.2a MOLECULAR ORBITALS RESULT IN THE FORMATION 
OF BONDS AND ANTIBONDS 


The discussion in Chapter 2 furnished details about how valence bond theory provides 
a suitable simplification of quantum theory to depict bonds resulting from the overlap 
of atomic (and hybrid) orbitals. Another way to simplify quantum theory is molecular 
orbital theory, which describes bonds by considering the electronic strugture of a 
group of atoms as one entity. It is especially useful for molecules such as conjugated di- 
enes, which have electrons delocalized over four atoms (Section 10.1b). 

The number of MOs that are formed for a given system equals the humber of 
atomic orbitals ХАО) used. em. The available electrons are placed into the 
MOs just as electrons are put into the AOs of atoms, by starting with the MO at the low- 
est energy. And as with AOs, only two electrons can be put into one MO. Both Hund's 
Tule (electrons are-placed one at a time into orbitals with the same energy before pair- 
Ing occurs) and the Pauli exclusion principle (no two electrons can have the same four 
quantum numbers) apply to MOs as well as to AOs. 

Molecular orbitals are mathematical constructs made by combining AOs. When two 
atoms come together, each contributing an atomic orbital toward bond formation, then two molecu- 
lar orbitals have to be formed. The wave functions of each AO can either reinforce or can- 
cel each other in the simplest case involving two atoms. Reinforcement creates a 
bonding molecular orbital and cancellation generates an antibonding molecular orbital. 

Consider as an example the case of the hydrogen molecule, a valence bond repre- 
Sentation of which was illustrated in Figure 2.6. If wave functions for the s orbitals of 
two hydrogen atoms combine, then a bonding MO (9^) is produced, which is the с 
bond (Section 2.4b). When the AO wave functions cancel, an antibonding MO (‘f,) is 
formed, in which a node between the nuclei is introduced. Each lobe of the antibond- 
ing MO has the opposite mathematical sign, as illustrated in Figure 10.4. The anti- 


bonding combination oriented along the bond axis is called the б antibond and is 
designated g*. 
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Figure 10.4 

Bonding and antibonding 
combinations for the 
hydrogen molecule. 
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Node 


Y, v, Vr, Y, y,-Y,- Y, 


MO representation of the 
antibonding combination for 
the hydrogen molecule 


Hydrogen atom MO representation of the 
15 orbitals bonding combination for 
the hydrogen molecule 


Bonding MO (с) Antibonding MO (o*) 
| 

When only two atomic orbitals (including hybrid orbitals) combine to form MOs, 
the bonding MO results from addition and the antibonding MO results from subtrac- 
tion of the wave functions. Bonding combinations will have their greatest electron den- 
sity in the region between the nuclei, and the antibonding combination will have a 
node in this region. For every MO that is formed from atomic f, sp, зр, ог sp? orbitals, 
there is also a node at the nucleus from the porbital contribution. 


A ———— 
EXAMPLE 10.1 

For the CH, molecule, draw representations for the bonding and antibonding MOs for 
one of the carbon-hydrogen single bonds formed by overlap of the sf? hybrid orbital 
of the carbon atom with the s orbital of a hydrogen atom. 


A bonding MO is formed by the additive combination of the two orbitals being con- 
sidered. Therefore, the larger portion of the hybrid orbital and the hydrogen 1s orbital 


combine as shown. 


Adding these two orbitals 
Node creates the с bonding orbital. Node 


ш> H ——— «> 


усана 


' C M 1s orbital of H 
An sp?-hybrid orbital 


of carbon in methane. 


E RE ES 
E 


bonding МО: o,,3., 


The antibonding orbital is generated by subtracting the hybrid orbital from the hy- 
drogen atom 1s orbital. The sizes of the lobes of the hybrid orbital are inverted by this 
operation, and the portion of o* surrounding the hydrogen nucleus changes sign be- 
cause it has been subtracted (the light parts in these figures are portions of the orbital 
having a positive sign; the dark parts are portions of the orbital having a negative sign). 


subtracting these two orbitals 
Node creates the o* orbital. Node Node 


co i | 
T 


н 


H ——————» 
{ 


C 15 Orbital of H 
An sp?-hybrid orbital 


of carbon in methane. 


E a Рие 


КИЫНЫ esses 


Antibonding MO: o* з. 


AIC 


Оор 


рете ee apa 


10.2 Bonding in Conjugated Dienes 


[EXERCISE 10.4 


Draw representations of the bonding and antibonding MOs for the carbon-carbon sin- 
gle bond in ethane, CH3CHs. These orbitals are designated O,53.,53 and O* sys -sp3 
z =sp3- 


и, 


10.22 MOLECULAR ORBITAL DIAGRAMS PRESENT BONDS AND 
ANTIBONDS ON THE BASIS OF THEIR DIFFERENT ENERGIES 


Besides making drawings to illustrate МОЗ, ул 
s , we can keep track of MOs with di 
that correlate their relative energies. The AOs are also included in such di с 
indicate which orbitals have interacted to create the MOs ee 
Let us look again at the simple exam i 
ple of the hydrogen molecule, f. i 

can represent the energies of the orbitals by the diagram Е Figure 10.5. Any кш 
whether atomic or molecular—can hold only two electrons. So the ele kon нош each 
15 had peces atoms enters the bonding MO, which is lower in energy. The 
antibonding orbital (o*) remains empty because there are 

only two electr in- 
clude, and they have already been used to fill the bonding MO (с) In other a iy he 
© bond receives two electrons and 6* is unoccupied. l fu 


с* 


Епегду 


Figure 10.5 
An energy diagram for the 
| | bonding and antibonding 
= d с combinations that are created 
upon formation of the 
hydrogen molecule from two 
hydrogen atoms. 


Atomic Molecular Atomic 
orbital orbitals orbital 


Nn Sem скоч ап MO diagram will have the same form as that 
е 10.5: bonding MOs are filled and antibonding M: 
Cause the energy difference between bondi ee аи 
е nding and antibonding orbitals i 
stantial, the occupancy of the orbitals do: е 
es not usually change. If it does ch: — 
E. when two electrons are added to o*—then the iar эе, 1. 
E m influence of the bonding interaction, and the o bond is broken Е 
s phenomenon is what underlies the Sy2 reaction (Section 6.3a). Consider, for 


example, the reaction of ide with iodide i 
ae оп of an alkyl bromide with iodide ion, the mechanism of which is 


SCA 


HJ c-r ==> mee + Br^ 


Both C—Br bondi i i ; 
E ien nding and antibonding MOs lie along the bond axis; o is filled; o* is un- 


Y V 
bi 3 Bn j 7m Вг 


Gc.gr : Filled with two electrons G*c g,: Unoccupied 
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When a nucleophile—iodide ion in this example—approaches the carbon atom, its 
electron pair enters the 6* MO because the o MO is already filled and cannot accept 
additional electrons. In MO theory, the bond order equals the number of electrons in 
bonding MOs minus the number of electrons in antibonding MOs, divided by 2. No 
bond exists (i.e., the bond order = 0) when both bonding and antibonding combina- 
tions are filled [2 electrons(6) – 2 electrons(o*)/2 = 0]. Thus, if the iodide ion puts two 
electrons into the antibonding orbital, as illustrated below, the C-Br bond breaks be- 
cause its bond order becomes zero, and the C-I bond forms. 


sp? Orbital o* eg, ссі sp? Orbital 
(MM 
g^ \ / = 
gI 2 5 $ —- Ber J: = Bree 


EXAMPLE 10.2 


Draw an energy diagram for the 6 and с* molecular orbitals of a С-Н bond in methane 
(see Example 10.1); fill in the appropriate orbitals with electrons. The sf? hybrid or- 
bital has a higher energy than the 1s orbital of the hydrogen atom to begin. 


First, indicate the relative energy levels of the atomic orbitals that will be combining to 
generate the MOs. As stated, the hybrid orbital on carbon is higher in energy than the 
ls orbital of hydrogen. 


Atomic orbitals 


sp? 


ENERGY 


1s C Atom 


H Atom 


Next, show how the AOs combine to form the bonding and antibonding MOs 
(below, a.). The bonding combination will be lower in energy than either of the AOs. 
Finally, add the electrons, filling the lower energy MO first (below, b.). Each AO con- 
tributes one electron so only the bonding MO is filled. 


a. Molecular orbitals b. Molecular orbitals with electrons 


ENERGY 


10.2 Bonding in Conjugated Dienes 


EXERCISE 10.5. 


Draw an energy diagram for bonding and antibonding MOs of the C-C bond in ethane 
formed by overlap of two sf? hybrid orbitals (Exercise 10.4); include the electrons. 


10.2c BONDING AND ANTIBONDING COMBINATIONS ALSO RESULT FROM 
INTERACTIONS BETWEEN P ORBITALS 


The simple MOs presented so far are sigma interactions; that is, they lie along the bond 
axis. For a molecule such as ethylene, HyC=CHp, the т bond interaction can also be de- 
scribed using MOs, which requires formation of a x antibond (1*). Ethylene has four 
С-Н с bonds, a C-C о bond, and a C-C л bond. In MO terms, there also have to be 
four C-H с* MOs, a C-C o* MO, and a C-C л* MO. The bonding and antibonding in- 
teractions for the two carbon atoms of ethylene are shown in Figure 10.6 (the C-Ho 
and С-Н o* MOs have been omitted from this figure). 


ү 
Node Node Node Node Node i Node 
өс c Node "cl. enn 
: >C Node - (à ou - 
| | | н 
© (5р2-5р?) ©* (sp^-sp?) т (р,-р„) т“ (р,-р,) 
z 


Figure 10.6 

Depictions of the 9, 9*, т, and n* MOs for the carbon-carbon bonds in ethylene. The light 
and dark portions represent lobes with different mathematical signs. The б and o* orbitals 
have a node at each nucleus as a result of a node in the 5f? hybrid orbitals that constitute 
them. The o*and т* MOs have a node between the carbon atoms as well as at the nucleus. 


: An energy diagram of the MOs for the carbon-carbon bond of ethylene is shown 
in Figure 10.7. An sf?-hybrid orbital on each carbon atom combines to generate o and 
б* MOs, and a p orbital on each carbon atom combines to create x and n* MOs. Each 
AO contributes one electron, and as a result, the bonding orbitals are filled creating 
the сапа x bonds, and the antibonding orbitals are vacant. 


а 
Figure 10.7 


energy diagram of the MOs for the carbon-carbon bonds in eth i 
; ylene. Interactions of each 
carbon atom with the hydrogen atoms are not included. Е 


Е Н 
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10.24 CoNJucArED Dienes Have Four MOLECULAR ORBITALS 
FOR THE PI ELECTRONS 
,, As molecules become more complex, so do the MO pictures and diagrams. To simplify 
! MO representations for molecules with conjugated m systems, we only have to consider 
the MOs generated from the р orbitals, because the sigma bonds are not usually in- 
|. volved in chemical reactions. For a conjugated diene such as 1,3-butadiene, each car- 
bon atom contributes one f orbital toward forming the MOs. Because the number of 
MOs equals the number of AOs, 1,3-butadiene should have four MOs to describe its л 
system. But unlike the interactions between only two AOs, in which addition and sub- 
traction suffice to create the MOs, more complicated combinations are needed when 
there are more than two atoms. 
Without worrying about the mathematics used to derive these representations, we 
illustrate the four MOs of 1,3-butadiene in Figure 10.8. (For comparison, the т and 7* 
MOs of ethylene are included.) We can say this about MOs in summary: 


* For any conjugated m system, the lowest energy МО (#,) results from the sum of 
n atomic orbital wave functions (фа + 0,9 + 943 + $54 for butadiene). It has n- 1 
bonding interactions, and no node exists between any pair of carbon atoms. 

e As the MOs increase in energy, an additional node appears at each level, which 
corresponds to a change in sign of the orbitals on either side of the node. The 
number of bonding interactions decreases by one at each level. 

* The highest energy wave function has the maximum number of nodes, namely, 
one node between each pair of atoms, and it has no bonding interactions. 
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Figure 10.8 
Pictorial representations of the x MOs in ethylene (a.) and in 1,3-butadiene (b.). Nodes— 
where an orbital changes its mathematical sign—are indicated by the dashed lines. Notice that 


all of the MOs have a node at each carbon atom nucleus. 


10.3 Electrophilic Addition to Conjugated Dienes 


In 1,3-butadiene, ¥, has no node, and there are three ing i i 

Ci and C2, C2 and C3, and C3 and C4), For ‘Po, two Gens азса ман 
tween Cl and C2 and between C3 and C4), and there is one node (between C2 d 
C3). For s, there is one bonding interaction (between C2 and C3), and ther es 
nodes (between C1 and С? and between СЗ and C4). The highe t ai kaa 
three nodes and no bonding interactions. Е 

Тһе atomic р orbitals of butadiene contribute a total of four electrons ( fi 

each р orbital), and these four electrons are added to the four MOs startin e esa 
one at lowest energy, pairing them if possible. As you can see, only V; and V. which 


are bonding orbitals, have electr Р А . 
E iccupied. ctrons. Both 'P5* and V;* are antibonding MOs and are 


For stable alkenes and polyenes with п MO: 
| ; c 5, 7 bonding orbitals and filled; 
and E 2are antibonding orbitals and vacant. Such an ar rangement of S cuum within 
a set of MOs is called the ground state. Notice that bonding MOs have more overlapping 


pairs of orbitals than nodes, and anti i 
Eis es, and antibonding MOs have more nodes than overlapping 


10.3 ELECTROPHILIC ADDITION TO CONJUGATED DIENES 


10.3a CoNJUGATED DIENES PARTICIPATE IN 1,2- 
AND 1,4-ADDITION PROCESSES 


W. Е : à 
Н 3 шо" жайа рүш. to reactions of conjugated dienes. You learned in Chapter 
and alkynes react with electrophiles t ioni 
а о form cationic species i 

step of many addition processe: j i Жүл 

5. Conjugated dienes undergo el ili ition i 
i MF go electrophilic addition in 

eg al way, but more than one product c. 
3 | $ ‚ but mor ] | an torm. For example, whe 
тере is treated with HBr, one of the л bonds of the diene тезе with the 
ophilic proton to produce a resonance-stabilized allylic carbocation 


H H 


Hic=cH—cH=<cH, HE picchio ы | 
"am Е І 2 H;C—CH—CH—CH, <—> H,C—CH=CH—CH, 


Es A n. allies the IE PME bromide ion intercepts this carbocation at either 
ic 7 system to form two products (ignoring stereoi 

m 0150: . - 

uct results from 1,2-addition, and one is formed by ‘addition и а 


Br Н 1,2-Addition product 
H,C=CH—CH—CH, 3-Bromo-1-butene 


+ mH LN 
| Qe 4 8 2 4 7 
HC==CH==CH— CH, 
s " ' 1,4-Addition product 
г: 
gi Met CHE CH 1-Bromo-2-butene 
3 2 1 


Itisj i 

{ pg Portant to realize that the terms “1,2-” and “1,4” refer only to the four atoms of 

a г совка diene system, not to the molecule as a whole. Thus, the reaction be- 
»thexadiene and HBr occurs as follows to give two products: 


Br H Br 


H3C—c =CH н ——> = —CH ! Н. 
H=CH—CH=CH— H—s8r 
А С CH; H4C—CH-—CH—C CH— CH; 


3 2 
1 4 3 2 1 4 3 


4-Bromo-2-hexene 
(1,2-addition product) 


| 
+ H3;C—CH—CH=C 


| 
H—CH—CH, 


5-Bromo-3-hexene 
(1,4-addition product) 
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Other reagents, such as chlorine and bromine, also undergo 1,2- and 1,4-addition. 


H H Br н Br 
M Y. XM. н 1 
A8 " Pond : 
ње d Bry, сњ, HC Cp Me ТҮ 
HC С HC С H;C [e 
2-2 Ун aN Ун Мс УҢ | 
| | /\ i 
H H H Br 
1.3-Cyclohexadiene 3,4-Dibromo-1-cyclohexene 1,4-Dibromo-2-cyclohexene 


(1,2-addition product) (1,4-addition product) 


“EXERCISE 10.6. 
Draw the structures of the major products of the following reaction, which involves 
both 1,2- and 1,4-addition: ` 


XERCISE 10.7 | 


major products of the following reaction, which involves both 1,2- and 1,4 
addition of water: 


qh 
ie ei H20, H2504 | 
CH; | 
ў 
$ 
10.3b Арогпом TO A CONJUGATED DIENE EXEMPLIFIES KINETIC VERSUS | 
THERMODYNAMIC CONTROL OF A REACTION i 
і 


If we carry out the reaction between 1,3-butadiene and HBr at 0°C, we find that the { 
ratio of 3-bromo-1-butene to 1-bromo-2-butene is ~ 70:30. If we repeat this reaction at f 
40°C, we obtain these same products in a ratio of 15:85. | 


Br 


HC CH—CcH-cH, => HC—CH—CH—CH, + Br—CH,—CH—CH—CH; { 
4 3 2 1 4 3 2 1 4 3 2 1 


3-Bromo-1-butene 1-Bromo-2-butene 


(1,2-addition product) (1,4-addition product) { 
oc 70:30 { 
40°С 15:85 Е 


The product ratios reflect the kinetic versus thermodynamic influences on the re- 
action mechanism, which appear in the second step when the bromide ion reacts with 
the carbocation. As the bond between Вг and a carbon atom begins to form in the Ё 
transition state, the charge becomes more localized on the specific carbon atom at 
which the new bond is forming. 


OC s III NOT 


Kg ctc 
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| Br^ H + Br Н 
i I. 1 
» H3C— CH CH CH; > . H;C—CH—CH— CH; 


2°, Allylic carbocation 


1,2-Addition product 


v B TN { 
З | | | 


+ | 
HC—CH—CH—CH, > Шү CH—CH—CH; 


вг Вг 


1°, Allylic carbocation 


iti 1,4-Additio 
(transition states) n product 


Itshould be apparent that these two carbocations axe different: one is primary and 


the other is secondary (both are allylic). You know that a secondary carbocation is more 
stable than a primary one (Section 6.2b). Furthermore, you learned that the transition 


state for a reaction proceeding via a carbocation intermediate has a lower energy when 
the carbocation is more stable (Section 6.2c). Because the magnitude of the transition 
state energy correlates with the rate of reaction (lower energy = faster reaction) 
formation of the 1,2-addition product i nder "kinetic control", and 3. 
bromo-1-butene is the kinetic product. (As described shortly, the other product is the ther- 
modynamic product.) Figure 10.9 shows the reaction coordinate diagram for this process 
and reveals the different transition state energy barriers for the second ste f th 
mechanism. ee 


Energy 


Reaction coordinate 


T 
Figure 10.9 
А reaction coordinate diagram for the reaction between 1,3-butadiene and HBr. 


Е Ап important point about a kinetically controlled reaction is that the available en- 
8Y is not sufficient to permit regeneration of the carbocation intermediate from the 


rodücts; i i Wi 
R icts; thatis, no equilibrium between the intermediate and products exists. We can 
Present this Situation as follows: —— za 
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Br Н General process for 
| kinetic control 
ШД ibe HIC CH CH CH; 


22 ик 


+ 


~ | 
HC--CH--CH—CH, 


x 


Br H т 


— — 


H,C—CH=CH—CH, 
Key; 


| « Intermediate 
T=Thermodynamic product 
K =Kinetic product 


Now consider what happens at the higher temperature (40°C): addition of HBr to 
1,3-butadiene gives predominantly 1,4-addition. The reaction is said to be under 
“thermodynamic control”, and 1-bromo-2-butene is the thermodynamic product. Ther- 
modynamic control is a term you encountered in the discussion of Saytseff product 
formation in the El reaction (Section 8.1b). Here, the meaning is the same: The more 
stable product predominates under thermodynamic control. 1-Bromo-2-butene is more 
stable because it has a disubstituted double bond, whereas 3-bromo-l-butene has а 
monosubstituted one (Section 8.1b). 

At higher temperatures, sufficient energy is available for the reaction to cross the 
activation barrier in either direction; that is, an equilibrium step exists, at least for the 
pathway leading to formation of the 1,2-product (in this case, the kinetic product). 
Therefore, as 3-bromo-1-butene forms, its bromide ion can dissociate to regenerate the 
carbocation intermediate. Because the allylic carbocation can react with bromide ion 
to form either product, the more stable product eventually becomes the major one and 
the energy of the system reaches a minimum. 


Br Н General process for 
thermodynamic control 
, 4 йе H,C—CH—CH—CH; 
/ / | c a К a К 
HC==CH==CH—CH, " I = or | S 
N Su. T T 
m m 
————— 8r H;C—CH-—CH— CH; 


Key; 


| = Intermediate 
Т =Thermodynamic product 
К =Kinetic product 


The 1,2-addition product is not always the kinetic product, nor is the 1,4-addition 
product always the thermodynamic product. For each reaction, you have to assess 
which product has the more highly substituted (Section 8.1b): That sub- 
stance is the thermodynamic product. Second, you һауе to ook at-the two resonance 
forms that react wi e nucleophile to form the products: The more highly substi- 
tuted carbocation center will form the kinetic product. The following example illus- 
trates this procedure. = 


EXAMPLE 10.3 


Draw structures for the kinetic and thermodynamic products formed in the reaction 
between 1-methyl-1,3-cyclohexadiene and НСІ. Ignore stereochemistry. 


CH, 


10.4 The Diels-Alder Reaction 


First, consider the reaction of the diene and the electrophile (a proton here). Reaction 
can occur at either double bond initially, and the predominant reaction pathway is the 
one that generates the more stable allylic carbocation. In this reaction, the intermedi- 
ate with a contribution from a 3° carbocation will predominate. 


HaC H HC H 


5А н 
CH cl I 2 
P od P f H LH 


H 


CH; CH 
3° 3 
Cas H “= H This allyli H | mehi 
vi is allylic Cs 
e> carbocation Е С“ 
H H is more stable. 
H f HR 


Next, draw the structures of the possible products by bringing together the nucle- 
ophile and the more stable carbocation. 


CH; CH; CH; нс CI 
H 2 H H 
CAHN a H 
2 <> > н + 
XH H У H 
HH H H H H H H 


1,2-Addition 1,4-Addition 
product product 


Finally, determine the thermodynamic and kinetic products by evaluating which has 
the more highly substituted double bond (thermodynamic product) and which is 
formed from the more stable carbocation (kinetic product). 


CH; 1,2-Addition product НС Cl 1,4-Addition product 
trisubstituted double bond H disubstituted double bond 
formed from 2? carbocation formed from 3° carbocation 

Fy cl Thermodynamic product H Kinetic product 
H H 


par 
B 
n 


EXERCISE 10.8 


Draw structures of the kinetic and thermodynamic products formed in the reaction be- 
tween the following dienes and HBr. Ignore stereochemistry. 


TN "OO me 


a. 


10.4 THE DIELS-ALDER REACTION 


10.4a Dienes READILY UNDERGO PERICYCLIC REACTIONS 


Besi А : Mi > 
ш reacting with electrophilic reagents, dienes (and polyenes) can react via cyclic 
nsitions states in transformations called pericyclic reactions (Section 5.1c). Three 
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Figure 10.10 

Examples of common 
pericyclic reactions. All of the 
reactions are reversible. 
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Electrocyclic reaction 
the formation of a single bond between the termini of a conjugated polyene system 


CH; CH; 
E э 


Sigmatropic reaction 
the migration of a single bond adjacent to one or more т systems 


ERES , Hs 
QT e 
Ч P 


Cycloaddition reaction 
the formation of a ring from the reaction of two systems 


C ES CY 


common types of pericyclic transformations are electrocyelic, sigmatropic, and cycloaddition 
reactions. An example of each is shown in Figure 10.10. We will look in detail at only one 
type of pericyclic reaction, the cycloaddition reaction. 


10.4b THE DiELS-ALDER REACTION Is A CYCLOADDITION Process THAT 
js USED TO PREPARE SIX-MEMBERED RINGS 

The Diels-Alder reaction is the prototype for literally hundreds of cycloaddition reac- 
tions. The reaction, which was discovered by Otto Diels and Kurt Alder in the 1920s— 
work for which they received the 1950 Noble Prize for Chemistry—is one of the most 
versatile methods for preparing six-membered rings. 

The reactive components in the Diels-Alder reaction are a conjugated diene and 
a dienophile (diene lover), an alkene that normally has an electron-withdrawing group 
as a substituent. The electrons in the three т bonds move in a concerted fashion within 
a six-membered ring transition state, and the product is a cyclohexene derivative. 


er 177-00 


(X — CN, CHO, COR, СООК, NO; cl, Р) 


\ \ 1 
The Diels-Alder reaction—also called a [4 + 2] cycloaddition to designate the 
number of п electrons provided by each reactant—is a ster ific process, and 
the stereochemistry of the dienophile is retained in the product. Thus, diethyl trans 
butenedioate reacts with 1,3-butadiene to form the trans disubstituted cyclohexene 


compound. 
1 
; d p ao io „Соос,н; 
+ = 
3N „°ч з У vcooGHs 


trans trans 
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Maleic anhydride, propenenitrile (acrylonitrile), methyl propenoate (also called 
methyl acrylate), and dimethyl butynedioate (dimethyl acetylenedicarboxylate) are ex- 


cellent dienophiles. 
Р i 
H Z COOCH; 
wat H C=N H 
E 8s od “с ocu, c 
/ c | Ji 
~ c 
u^ | H^ “н H^ ^u T 
[e] COOCH; 


Maleic anhydride Acrylonitrile Methyl acrylate Dimethyl acetylene- 


dicarboxylate 


All of them have at least one electron-withdrawin 

atom. An electron-withdrawing group is either an electronegative atom (-F, -Cl, -Br), Е 
which operates through inductive effects, or a group with unsaturation (C=O or C=N) 
which influences the electron density of the x bond by resonance. ' 


Inductive effect Resonance effect 


- 9 o- 
H at F H i H i 
^R 
с c^ “осн; "c^ och, 
t | — | 
Р С 
H^ “н H^ ^u =н 


‹ Тһе structure of the diene can vary considerably, but it must be able to adopt the 
scis conformation; s-cis is an abbreviation for "sigma-cisoid". 


C= Й 
"D 


s-cis s-trans 


Because there is free rotation about 
the single bond, s-cis and s-trans refer 
to conformations, not isomers. 


€ 


Some of the most reactive dienes have their Tt bo ring that fixes the unsatura- 
SA e cis conformation. Cyclopentadiene is one of the best dienes for the 
oe on. It is so reactive that it reacts with itself to form a dimer called di- 
ee iene. Upon heating, this dimer undergoes a retro-Diels—Alder reaction 
means reverse) to produce cyclopentadiene, which can be stored at low tem- 


era imerizati 
peratures for several days. At room temperature, dimerization takes place within sev- 
eral hours. 


Cyclopentadiene 


Dicyclopentadiene 
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EXERCISE 10.9 


Draw the structure of the major product expected from each of the following reactions: 


a. b. 
es [у= + 


10.4c MOLECULAR ORBITALS OF A DIENE AND DIENOPHILE MUST 
HAVE THE PROPER SYMMETRY TO REACT 


The guiding principles for understanding the Diels-Alder and other pericyclic reac- 
tions are commonly called the "Woodward-Hoffmann rules", which say that symmetry 
among the MOs of reactants and products must be conserved as a pericyclic reaction 
proceeds. “Conservation of orbital symmetry” means simply that the mathematical 
signs of the reacting orbitals must match each other during the course of the transfor- 
mation. A detailed exposition of this topic is beyond the scope of this text, but the ex- 
ample provided by the Diels-Alder reaction will illustrate the basic concepts. 

The analysis of orbital symmetry starts with the MOs of the reactants. For the 
Diels-Alder reaction, the reactants are an alkene and a conjugated diene, the MOs of 
which were shown in Figure 10.8. As these two reactants come together, their orbitals 
begin to interact. A set of line structures can be drawn to orient the с and x bonds so 
that we have a framework on which to place the orbitals in the following presentation. 


t 

RE + === — EON —3À 

< | «> 
Diene MOs Dieneophile MO 


(Р, Vz, V3, or Va) (т) Transition state See en 


product 
(V, and т are the MOs shown in Fig. 10.8) 


If the x bond of ethylene (our alkene prototype) interacts with the Y MO of 1,3- 
butadiene, the orbitals that come together have the same signs (circled, in the equation 
below). This means that they are “in phase” and have the appropriate symmetry to 
react. However, V4 of the diene and the x bond of ethylene are both filled. Remember 
that whenever two orbitals combine, two new orbitals have to be created, one bonding 
and the other antibonding. If the combining orbitals are filled already, then their elec- 
trons will populate both the new bonding and antibonding orbitals, which means that 
no net bond will result (the bond order will be 0; see Section 10.2b). 


Жо 7 "А 


ge N 
—— — \ 
/ Y 
1 1 
\ П 
2-2774 n 
^ X / 
/ Fa 
Y, T H Peele 
П 
[ D 
Y 
k 7 
Sy PA 


If the т bond of ethylene interacts with V» of 1,3-butadiene, the orbitals that need 
to overlap do not have the same sign at one junction (indicated by the arrow in the fol- 
lowing schemes). Thus they do not have the proper symmetry to interact. If a reaction 
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were to occur, orbital symmetry would not be conserved. The thesis of the Woodward— 
Hoffmann rules is that such a process is forbidden, and these orbitals cannot combine. 


/ 
v, T X d 


No Yo 


The same nonproductive situation holds for the interaction of the x bond of eth- 
ylene with V4* of butadiene. These orbitals cannot combine either. 


* ГА 
v, T XS и 


3 Тһе л bond of ethylene, however, does have the correct symmetry to interact with 
3° of 1,3-butadiene, and Ұз" is vacant. Therefore, when these orbitals combine to cre- 
ate new bonding and antibonding orbitals, only the bonding combinations receive 


electrons as transformation into the new б bonds of the six-membered ring product 
takes place. 


\ 
1 
ў 
7 x p 
Р; 


1 
1 с 
\ 
^ af 
Р 


A a 
d N 
— / a { 
S г \ «Л 
1 
‚ы 


соз сап actually simplify an analysis of orbital interactions because new bonds will 
a d When а filed orbital of one reactant interacts with an empty orbital of the 
a ese orb itals should also be е of comparable energy to maximize their interac- 

ons.) Thus, you need only consider the symmetries of the highest occupied molecular or- 


mal (HOMO) of one reactant, and the lowest unoccupied molecular orbital (LUMO) of the 
Bor Iri orbitals have the correct symmetry at the positions that come together 
orm bonds, then the reaction will proceed. Otherwise, it will not. 
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10.4d THE REGIO- AND STEREOSELECTIVITY OF THE DIELSCALDER 
REACTION DEPENDS ON SUBSTITUENTS IN EACH REACTANT 


Although the transition state of a [4 + 2] cycloaddition is dictated by the symmetries of 
the orbitals involved, isomeric products can still be obtained. For example, when a cyclic 
diene is used in the Diels-Alder reaction, two products can be obtained: endo and exo. 


5 
ees H H Р 1 о 
О: + =$ ^ H + Е 
3 н OCH; : ‘OCH; 
ү) H 


02 “осн; 


endo exo 


In the endo isomer, the In the exo isomer, the 
substituent of the dienophile substituent is on the side 
т bond appears on the same of the bicyclic ring system 
side of the bicyclic ring system that is opposite that of the 
as the bridge containing the bridge containing the 
double bond. double bond. 


In general, the endg isomer predomina es, This preference results because the carbonyl 
group of the dienophile tends to lie under (or over) the diene л bonds, as shown below: 


Lx CH Hs 
с _ C—H 
e ou A Е ГАШ H.CO;C.. / 
fn 2 (el WX „С H с-н 
/ «ll М М SC" D*u 
d c — H d H m ij = 
acr ч P 

Ed H H,C0,C~ “н B <> 

OCH; 
endo endo 


The carbonyl group of the dienophile 


The carbonyl group of the dienophile 
lies above the « bonds of the diene. 


lies under the тт bonds of the diene. 


Isomers are also formed when both diene and dienophile are unsymmetrical. If the 
diene is substituted in the 1-position, then the 1,2-regioisomer of the product is formed 
in preference to the 1,3-disubstituted ring. For example, 


„OCH; оз OCH, OCH; OCH; 
3 CO;CH 1 
£ (f een ass a. 4 loe —— ; 
w 3: 3 
bes >i l 3 "CO,CH; 
Major Minor 


To rationalize this regiochemistry, we look at the principal resonance forms of the two 


reactants. 
:ÓCH; *OÓCH, б: iU 
Rx. ws "ee ic 
“cA ме с ^осњ "c^ “осн 
[2 ә | Lm LB: en 
H^ Och H^ CH, * ? 


Diene Dienophile 


нозан 


10.4 The Diels-Alder Reaction 


Because orbital symmetry has only to do with the mathematical signs of the MOs, either 
orientation is permitted; however, electronically, the better match brings the positive 
and negative charges of the resonance forms together, which generates the 1,2-isomer. 

— = — es : Ы 


ен, 0:7 
| осн 

H „сн c 3 

Me 

“с och; COCH; 
| | — 

“~~ xs *CH; 

H^ DCH, 


To predict the stereochemistry of this reaction, we need to orient the reactants so th: 

the electron-withdrawing group of the dienophile lies under the т bonds of the di E 

as was illustrated above for the Diels-Alder reactions that generate bicyclic produ 5 $m 

a result, the cis-isomer is the major product (if this stereochemical сыш ног ibus 

to you, make a model to see why the two substituents in the product are cis) B 
desea! Justi 


OCH; OCH; H Э 
Z COOCH; sy СНО 1р H Aic 
+f eu. i {› 
м CH,OCOAA н COOCH; 
` Major product 


When the diene has a substituen iti 4- om ob- 
tat the 2-position, then the 1,4-regioi i 

у ‘ А іѕотег 

tained preferentially over the 1,3-disubstituted product. : и 


2 
1 2 
1 


; о 
Hod 2 ~ 
PS H4CO. 
Sdn, > " 3 FCD. gt Ж ‚„ во Л CHO 
We H | “A> 
*^cHo Ss 


Malor Minor 


Ара; 
pun look at the resonance forms of the reactants, and then match the ends that 
s m p We negative charges. In this case, we do not have to be concerned 
е formation of geometric isomers because the m i 
fo ео: oup і 
sf?-hybridized carbon atom. Ld MM E 


б: - 
_ е“ б 
нб сн н.с© z [| | 
pov 2 СО CH; Н н нес. 
EC. l | > al H 
H^ “ен, H^ cH, єн; CH; 
Di 
iene Dienophile 
Hco. € 
ES H 
eT *cH, H4CO 
| EU 
PE € H 
H^ “ен, H^ "c7 CHO 
| 
:0:- 
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In summary, а 1 , 3-disubstituted cyclohexene ring is difficult to prepare via the Diels-Alder 
reaction. 

An alkyne reacts with a diene to form the derivative of a 1,4-cyclohexadiene. Oxi- 
dation reactions can be used to remove two hydrogen atoms and convert these mole- 
cules into benzene derivatives, if desired. 


CH H 
ens COOCH; e" COOCH 
at tS 


+ | | zu (67%) 


COOC;H 
COOCH; His 
C Hs C; Hs 


EXERCISE 10.10 


Draw the structure of the major product expected from each of the following 
Diels-Alder reactions: 


OCH; 


Jc + _ f00CHs Г» + l 


(CHjSSio “ i 


CHAPTER SUMMARY 


Section 10.1 Structures of conjugated dienes 
* The compound root in the IUPAC name of a polyene is the longest carbon 
chain that also includes all of the multiple bonds. The multiple-bond index in- 
dicates how many and what types of double or triple bonds are present. 
e Dienes can be classified as isolated, conjugated, and cumulated. A conjugated 
diene is the most stable of the three because of a shorter sigma bond between 
the two x bonds and because ће л electrons can be delocalized over four atoms. 


Section 10.2 Bonding in conjugated dienes 

• Molecular orbital theory is especially useful to depict bonding in conjugated di- 
enes because it considers the electronic structure of a group of atoms as one unit. 

• Molecular orbitals are generated from atomic orbitals (AOs), and the number 
of molecular orbitals (MOs) is equal to the number of AOs used to make them. 

è When MOs are generated for a bond between two atoms, both bonding and an- 
tibonding combinations are generated, the former by addition and the latter by 
subtraction. A bonding MO has a lower energy than its corresponding type of 
antibonding MO. 

• When MOsare generated for bonds among several atoms, the mathematical com- 
binations are complicated. However, the lowest energy MO is the sum of the AOs. 


w a- S000 


Key Terms 


Section 10.3 Electrophilic addition to conjugated dienes 


* A conjugated diene can add 1 equivalent of Н i 
ate q X or X» in two ways, called 1,2- 


* 1,2-Addition occurs by reaction at one of the two double bonds of the diene. 


б 1,4-Addition occurs when the electrophile and nucleophile add to the ends of 
the conjugated T system; a double bond appears in the product between the sec- 
ond and third carbon atoms of the original four atoms of the x system. 


* The kinetic product from electrophilic addition to a conjugated diene is the one 
that is formed faster. Predicting the structure of the kinetic product requires 
identifying the more stable contributor to the allylic carbocation intermediate. 


* Thethermodynamic product from electrophili iti j 
| philic addition to a conjugated di 
is the alkene that has the more highly substituted double bond. кр 


Section 10.4 The Diels-Alder reaction 


A oa 
Three common types of pericyclic transformations are electrocyclic, sigmat- 
ropic, and cycloaddition reactions, in which electrons move in a cyclic frame- 
work to break or form new bonds. 


The Diels-Alder reaction is an example of a cycloaddition reaction. A diene re- 
acts with an alkene, called the dienophile, to form a six-membered ring. 


The Diels-Alder reaction is a concerted process, and the stereochemistry of the 
dienophile is retained in the product. 


The best dienophiles have one or more electron-wi i 
-withd: 
to the alkene carbon atoms. кааны 


A cycloaddition process is allowed when the s i 

1 ymmetry of the highest occupied 
molecular orbital (HOMO) of one reactant matches that of he iove ШОТ 
pied molecular orbital (LUMO) of the other reactant. 


When a bicyclic compound is formed as the product of the Diels-Alder reac- 
tion, the predominant isomer is the endo product. 


When unsymmetric reactants participate in a Diels-Alder reaction, the major 
products are usually 1,2- or 1,4-disubstituted six-membered rings. 
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Section 10.1b Section 10.3a 
isolated double bond 1,2-addition 
conjugated double bond 1,4addition 


cumulated double bond 


Section 10.4b 


Section 10. 
0.2a Diels-Alder reaction 


Molecular orbital theory 


bonding molecular orbital ae ded dditi 
antibonding molecular orbital retro seu 


C antibond 


Section 10.2c 
X antibond 


KEY TERMS 


326 CHAPTER 10 Addition Reactions of Conjugated Dienes 


—_——_——— 
REACTION SUMMARY 
Section 10.3a 
Addition of HX or Хә to a conjugated diene. Depending on conditions, 1,2- and 1,4- 
addition products are possible. 


y= my dy хус 
/ D X= Cl, Br \ / N / 
Pass с=с с—с—х 
Z N К 
1,2-Addition 1,4-Addition 
Ne у 
с=с МИЕТЕ и ИР „ хс 
/ Ба X- CQ, Br! / X / \ 7 
/ \ с=с c—C—X 
/ N / oN 
1,2-Addition 1,4-Addition 
Section 10.4b 


The Diels-Alder reaction. A conjugated diene reacts with a dienophile (an alkene with 
an electron-withdrawing substituent) to form a cyclohexene derivative. The stereo- 
chemistry of the dienophile is retained in the product. 


C (^ CY 
| = 
EN 
Z = electron-withdrawing 
group(s) 


Section 10.4b 


In considering the stereochemistry and regiochemistry of addition, endo is favored 
over exo when a bicyclic product is formed; and formation of the 1,2- and 1,4- disub- 
stituted rings are favored over the 1,3-regioisomers. 


(CHa), (CH), 


Cie, (^ — Bow px 


r4 


V 


endo 


с-ф 
е ^0, 


M V 
E: 
m 
( ) { )—7 x 
° 
N N = 


ome ose 
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| ADDITIONAL EXERCISES 
10.11. After treating each of the following cyclic dienes with 1 equiv of НСІ, you iso- 

late and purify the products that have only one chlorine atom. Draw their struc- 

tures and rationalize their formation by proposing a reasonable mechanism for 

each reaction. 


a. А b. i с, O 

10.12. Whatis the expected major product, including stereochemistry, for each of the 
following Diels-Alder reactions? 

a. b. 


Z CN 
+ С —» 
сно“ œ см 


CO,CH; 


Oe s 


HO. o "ocu, + el 5. 


о 
О.ф 
о 


10.13. The following alkenes are all good dienophiles. Explain what effects con- 
tribute to their dienophilicity. 


в“ 


а po cir AS 


1-Nitroethylene Vinyitriphenylphosphonium chioride B-Vinyl-9-BBN 


10.14. What is the expected product from the reaction between 2,3-dimethyl-1,3- 
butadiene and each of the dienophiles shown in Exercise 10.13? 


10.15. What is the expected product, including stereochemistry, for the reaction se- 
quence shown here? 


B-vinyl-9-BBN 


10.16. Draw the structures of the dienes and dienophiles that can be used to prepare 
the following compounds with a Diels-Alder reaction: 


a b. e: d о 


CN | 
CX COOEt CH 
"CH; j CH,O 
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10.17. If 1-chlorocyclodecene is treated with strong base, an E2 reaction takes place, 
forming two products. One is a cumulene and the other is an alkyne. 


cl ` 
KOH, EtOH \ С 
= C t 
(60% yield) Y \ 


Ratio: 3:2 
a. Assign the hybridization of each carbon atom in these molecules. 


b. Rationalize the product ratio. (Hint: Make a model of each and assess the 
relative strain in each ring by considering the bond angles around the x 
bonds.) 


10.18. Compound A, when treated with Bro in CH3Cls, yields compound B in excel- 
lent yield. Heating compound B with sodium isopropoxide, a strong base, in a high- 
boiling ether solvent, causes compound C to distill from the reaction mixture in 
good yield. Compound C is subsequently treated with maleic anhydride, and com- 
pound D is isolated. Draw the structures for compounds, A, B, and C, and write 
equations showing the reactions that take place. Name compounds, A, B, and C. 


[0] 
[ө] Compound О 
о 


10.19. Predict the major products of the following reactions, which yield both 1,2- 
and 1,4addition products: 


a. b. 


Sys Bra H20 Cla, CHOH 


10.20. Using the information presented in Section 10.2d, draw the MOs for 1,3,5- 
hexatriene in the manner shown in Figure 10.8. Include the electrons and label 
the orbitals as bonding or antibonding. 


10.21. Diethyl diazodicarboxylate, the reagent that you learned for the Mitsunobu re- 
action (Section 7.1d), also undergoes cycloaddition reactions with dienes. Draw 
the structure of product that will be formed from its reaction with cyclopentadiene. 


EtOOC COOEt 
Q * М i 


DEAD 


10.22. Using the information presented in Section 10.2d, draw the MOs for the allyl 
system, the valence bond picture of which is shown in Figure 2.26. When a species 
has an odd number of carbon atoms (and p orbitals), the MO diagram has bond- 
ing, nonbonding, and antibonding orbitals. For the allyl system, there is one of each. 
Draw pictures of these three orbitals, then consider how the electrons are included 
for the allyl carbocation (2 electrons), radical (3 electrons), and carbanion (4 elec- 
trons). How do the MO diagrams correlate with the resonance forms for these 
three species? 


Additional Exercises 


10.23. „Draw the structure (s) of the major product(s) expected from each of the fol- 
lowing reactions. Indicate the stereochemistry of the product as appropriate. Rela- 
tive stereochemistry should be shown using wedges and dashed lines. If a gacemic 
mixture will be formed, draw the structure of one enantiomer and write the word 

racemic”, or draw both enantiomeric structures. If diastereomers are formed, draw 
each structure; label meso compounds as such. If no reaction occurs, write NR. 


a. b 


CN 
HCl, CH;Cl; A 
C DA С + id ay 
CN n3 


KOH, EtOH 
А 


о 


Product of (с) 


2. KOH, EtOH, A 


PN Br, CHCi; С) 1. Ciz CHCl, 
soc ^ 


10.24. = alternative mechanism for 1,4-addition of bromine to a conjugated diene 
cu к ше as shown below. The cyclic bromonium ion is a five-membered ring, 
тре гс to be quite stable. How could you tell if this pathway is likely, or 

even possible? (Hint: Consider the stereochemistry of the product formed in this 
scheme versus the stereochemistry from the mechanism shown in Section 10.3a). 


+ ke 
D 


dis RN 
i4 ‘Br—Br: 
у == | B'|:Br^ — Br 
ru T г Н Br - | 
D 4 j © 
Br 
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OXIDATION AND REDUCTION 
REACTIONS 


11.1 OXIDATION STATES IN ORGANIC MOLECULES 
11.2 HYDROGENATION REACTIONS 

11.3 OXIDATION REACTIONS OF ALKENES 

H 11.4 OXIDATION REACTIONS OF ALCOHOLS 

| 11.5 OXIDATION REACTIONS OF AMINES 
CHAPTER SUMMARY 


$ So far, you have been exposed to examples that illustrate the mechanisms of five of the 
| basic reaction types mentioned in Chapter 5: proton transfer, substitution, addition, 
i elimination, and rearrangement. The other categories of reactions mentioned there— 
i oxidation and reduction —are common pathways by which alcohols and alkenes react, so 
f it makes sense to see how such processes relate to the transformations that you have al- 
į ready learned. 

| In this chapter, we will look at reduction reactions of alkenes, alkynes, and nitro- 
gen-containing functional groups, in which molecular hydrogen adds to т bonds. We 
will then look at oxidation reactions of alkenes, which involve addition of one or more 
D oxygen atom to a carbon-carbon т bond. In contrast with alkene oxidation, the oxi- 
- dation reactions of alcohols occur by elimination, and a carbonyl group is produced in 
| those transformations. The oxidation of alcohols in biochemical systems exploits the 
i same mechanistic pathways that are important in the laboratory. This chapter con- 
cludes with the oxidation reactions of amines, which follow pathways that differ from 
those observed for alkenes and alcohols. 

| The complete mechanisms are not always discussed for the reactions presented in 
3 this chapter. Some of these mechanisms are ambiguous or not well understood; others 
are beyond the scope of this book. An attempt is made, however, to show the similari- 
ties among the diverse transformations that are presented. Where possible, compar- 
isons are made between the mechanisms of oxidation and reduction reactions and the 
mechanisms for reactions you have already learned. 


11.1 OXIDATION STATES IN ORGANIC MOLECULES 


11.1а THE OXIDATION LEVEL OF CARBON ATOMS DEPENDS 
ON THE PRESENCE OF HETEROATOMS OR UNSATURATION 
In chemistry, oxidation is normally defined as the loss of electrons from an element, 


and reduction is defined as the gain of electrons. If the oxidation state of an ele- 
ment is known both before and after a reaction takes place, then it is a straightforward 
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decision whether oxidation or reduction (or neither) has taken place. For an organic 


compound, we define these processes as follows (Section 5.1b): . 


Oxidation is the removal of hydrogen atoms from, or the incorporation of het- 


eroatoms into, an organic molecule. 
Reduction is the addition of hydrogen atoms or the removal of heteroatoms. 


The number of heteroatoms attached to a carbon atom is therefore equivalent to the 
oxidation level of carbon in organic molecules. A double or triple bond between a car- 
bon atom and a heteroatom counts for two or three of that heteroatom, respectively, in 
determining oxidation level. If the oxidation level changes during a chemical reaction, 


then oxidation or reduction has occurred. 


The range of oxidation levels for organic compounds that have one carbon atom 
is illustrated in Figure 11.1 using methane, methanol, formaldehyde, formic acid, and 
carbon dioxide as examples. These compounds range from the least oxidized to the 


most oxidized. 


| | | ji 
DE m кон H—C—O H—C—O о=с 
H H 
geran —— Methane Methanol Formaldehyde Formic acid Carbon dioxide 
/ Number of etait d 0 1 2 3 4 
attached to C n 
ды” а i 
more oxidized 
с 
more reduced 
eee 3 
Figure 11.1 


Comparison of oxidation levels for organic compounds that have one carbon atom. 


The carbon atoms in bromomethane, dimethyl sulfide, and azidomethane have the 
same oxidation level as that in methanol, because the earbon atom forms only one bond 
to a heteroatom. Commonly, functional groups in which the carbon atoms have the same 


oxidation level are interconverted by substitution processes, as illustrated below. 


H H H 
нА | NaSCH; = н 
н T OH H T Br HOR H i SCH3 
H H H 
Methanol Bromomethane Dimethyl sulfide 


1 1 
PPh, DEAD, THF 
н—С—он FEDEA TH, QC МАМ 
| "nm | 
H H 
Methanol Azidomethane 


Cafe gr TR sog 


LPL LL OT eni 


11.1 Oxidation States in Organic Molecules 


Provide a reasonable mechanism for each of the foregoing transformations. Use 
curved arrows to show the movement of electrons. 


_ ————-_—_—-—-———— 


When more than one carbon atom is present in a molecule, we can still evaluate 
the oxidation level of single carbon atoms. Thus, an alkane is oxidized at its terminal 
carbon atom to a primary alcohol, then to an aldehyde, then to a carboxylic acid 


| 1 F о 
Ree R—C—OH R—C—H a 
H H 
more oxidized 
í 
more reduced 
= 


Sometimes, however, a process that changes the number of attached hydrogen or 

heteroatoms can involve more than one carbon atom. For those molecules, the pres 
Я E 

ence of carbon-carbon л bonds also defines а more oxidized state of the molecule 


R H R 
кы n 
/ \ / xs R—C=C—H 
H H H H 


more oxidized 
L 


more reduced 


* In reactions that involve carbon-carbon л bonds, the oxidation level of one carbon 
m may increase, while the other decreases—a net change of zero means that re- 


ducti idati 
: on or oxidation has not taken place. For example, addition of water in the pres- 
nce of an acid to an alkene generates an alcohol. 


` More oxidized 
R H R H 
; 4 H,0* \/ LL More reduced 
\ 


The i 

e “aes atom with the new hydrogen atom has been reduced, and the one with the 

E E Ір has been oxidized. This result is intuitively satisfying because we normally do 
nsider water to be either an oxidizing or reducing agent. 


11.1 
b NirROGEN Atoms Arso HAVE DIFFERENT OXIDATION LEVELS 


d ee о levels to carbon atoms according to the number of hydro- 
Eu коо attached, we can designate oxidation levels of nitrogen atoms. 
ae ge atoms or introduction of oxygen atoms leads to increased oxi- 

fice Mound gen atom, so an amine represents the least oxidized species, and a 

ntains the most oxidized type of nitrogen atom. 
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H OH о o 
/ / ГА nA 
—N —N —N —N 
N N NC 
H H о 
А 1° атіпе Ап hydroxylamine А nitroso compound A nitro compound 
H OH о: 
/ / / 
—N —N —N 
N N N 
A 2? amine An hydroxylamine A nitroxyl radical 


more oxidized 


An important aspect of oxidation levels for nitrogen atoms relates to their nucle- 
ophilic or electrophilic properties. Whereas an amine has a nucleophilic nitrogen 
atom, a nitro compound has an electrophilic one. Oxidation (or reduction) therefore pro- 


vides a way to change the reactivity profile of a nitrogen-containing group. 


H 
: " 
—N:—— Nucleophilic E d л: 
H o 
Amino group Nitro group 


For example, nitration of benzene (Section 17.2c) is feasible because МО»? is а good 
electrophile. On the other hand, ammonia reacts with alkyl halides because itis a good 
nucleophile (Table 6.3). 


11.2 HYDROGENATION REACTIONS 


11.2a MOLECULAR HYDROGEN ADDS STEREOSPECIFICALLY TO ALKENES 
UNDER THE INFLUENCE OF A METAL CATALYST 

The first reaction we will look at is catalytic hydrogenation, a transformation to which 
you were briefly introduced in Section 8.1c in the context of double-bond stabilities. Ki- 
netically, the reaction of hydrogen ges with alkenes а sow Being Tigh екоо 
and exergonic, however, this reaction is thermo ynamically favora le. 

Like many kinetically slow processes, the reaction of an alkene with hydrogen gas, 
Н», does occur at a useful rate when a catalyst is added. Normally, hydrogenation cata 
lysts comprise a finely divided metal such as platinum, palladium, or nickel supported 
on ай inert substance such as carbon or calcium carbonate; for example, we write 
Pd/C or Pd/CaCOs to represent these materials. The actual metal content is generally 
between 5 and 1096. Adam's catalyst, which is PtOs - H3O, is a useful catalyst precursor 
(also called a precatalyst) that is reduced to finely divided Pt metal—the actual catalyst— 
under the conditions of the reaction. For most hydrogenation reactions, any of a num- 


ber of solvents can be employed; the most common ones аге nol, acetic acid, 
der 1 atm of hydrogen 


methylene chloride, and ethers. The reaction is usually done un 
pressure, but pressures up to 5 atm are not uncommon. At even higher pressures 


other functional groups can be reduced, too. 


11.2 Hydrogenation Reactions 


metal surface 
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NM 
с=с 
"ONES 


————á 


© 


Hydrogen atoms become bonded to 
the metal atom: 
of the catalyst surface after dissociation of Н. 


Weak metal-carbon bonds are formed from i 
the reaction 
between the alkene carbon atoms and the metal surface. 


A metal-carbon bond is broken as a 
carbon-hydrogen bond is formed. 


The second metal-carbon bond is b 
+ t roken as another сагроп-Һуа! 
bond is formed; the reduced product dissociates from the Mena ie 


Ў The mechanism of this reaction involves а stepwise addition process. i 
. The = 
oo d hydrogen and the surface of a metal ir he pictured aide 
BH as E : » which starts with metal-hydrogen bond formation as the H-H 
E nent carton bonds arc formed ar well up Ef A badger man ате, ава 
migrates to carbon, forming a C-H bond oie ae i RIDES p ge 

v х Son а С-Н | | with the rupture of a C-M bond (S 

x penon = this same type yields the alkane and exposes the со 
а. тоге На and T bonds (Step 4). As you might expect from the geome y with 
дану ЖН ies E: to the surface, hydrogenation(is a syn addition process — 

ispum ше side of the alkene plane), and it is stereospecific in most cases. 
^d RN iid ыы ud iu HC SE for three compounds 
d i ele emoselectivity of the process. All - 
Baie, еа via syn addition. Depending on the groups attached to the 2. ae 
fired E meso compound, an achiral compound, and a racemic mixture can be. 
aM proa a ith regard to chemoselectivity, which is the differentiation be- 
ENS en vity patterns of functional groups, notice that except for the 
rbon double bond, many functional groups, including the benzene ring, 


аге in i 
€rt to hydrogenation under the given conditions. 


Figure 11.2 
Hydrogenation of an alkene 
by hydrogen atoms adsorbed 
on a metal surface. 
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H 
CH; ACH; 
Н; (1 atm) (82%) 
Pt0;-H,O К 
CH; acetic acid + "CH; 
H 


meso 
н. „соон „COOH 
Н, (1 atm) рде 
i | (84-98%) 
PtO;-H,O HC 
H^ “соон aw `соон 


O О o 
Mesam | + 91% 
$ 10% Pd/C, EtOH x Cm ш 
H H 
Racemic mixture 


11.2b ALKYNE HYDROGENATION CAN BE STOPPED 
AT THE ALKENE STAGE 
Alkynes are also reduced under typical hydrogenation conditions. With excess hydro- 
gen (which is normally how these reactions are done), the corresponding alkane is 
formed. To stop the reaction after only 1 equiv of hydrogen has been added is difficult. 
H, {1 atm) 


CH,CH,CH,CH,—C=3C—CHCH,CH,CHs sop sac non? CHa(CHadeCHs (96%) 


5-Decyne Decane 


If the Pd catalyst is first treated with certain substances, however, then a poisoned 
catalyst can be formed, which makes it less effective. The Lindlar catalyst, which is pal- 
ladium on calcium carbonate to which quinoline and lead acetate have been added, is 
a commonly used poisoned catalyst. Its application permits the reduction of a triple- 
bond to the double-bond stage, but not any further. Thermodynamically, a single equiv- 
alent of dihydrogen can be added because reaction with the first л bond is more 
exothermic than the reaction with the resulting alkene л bond. Again, the stereo- 
chemistry of addition is syn, so a cis alkene is the major product. 


CH; foocns 


Н, (1 atm) \ a 
—c=c— ple ды жне = ы 
сн;—С==С—СООС,Н; Lindiar catalyst F ©. (93-98%) 


EXERCISE 11.2 
What is the expected product from reaction of each of the following compounds with 


excess molecular hydrogen and 5% Pd/C? 


a. b. с. 


ао ==0 


“соон 


елар сб лос луы 


— Ó— 


ett eres r 


DROP EB APIS 


tinte prenota 


11.2 Hydrogenation Reactions 


41.2c NiTROGEN-CONTAINING GROUPS ARE REDUCED 
BY HYDROGENATION 


The bonds of alkenes and alkynes are not the only functional groups reduced using 


hydrogen and a metal catalyst. Several nitrogen-containing groups can also be hydro- 

genated under similar conditions (1-5 atm of Hg). Cyano, azido, and nitro 

readily converted to primary amines by ге i à a 
Cyano and azido groups are incorporated into organic compounds by substitution 

reactions (see Table 6.2) using primary and secondary alkyl halides or sulfonates (Sec- 

tion 7.1b) as substrates. The Mitsunobu reaction of an alcohol also works well 

to introduce these groups (Section 7.1d). dubi 
Once obtained, a nitrile or an azidoal i i 

[Б анса. azidoalkane сап be converted toa primary amine by 


Substitution “Br Nan ME g У Хем Oy 
= А 
= було, ay 
Hydrogenation ХМ Хем Ha (2-3 atm) SaL 
Ni catalyst 
"TS by 
Substitution Gee Ng DME, on eoe ga 
Ns 
Hydrogenation ® aam)... pu 
2 


Pd/C 


i pou that the twostep procedure RBr  RCN > RCH>NHs increases the length 
e original chain by one carbon atom. The overall scheme RBr — RN3 — RNHs 


lea ituti i 
d e Е substitution of an amino group for the leaving group. The value of this proce- 
» which combines the reactions of substitution and hydrogenation, lies in the са 
те, which combines the reactions of sul ; - 


y : Me res 
pacity to form a primary amine without contamination by secondary or tertiary amines 


Formati i i 
SR ation of a mixture is the usual outcome when one tries to use ammonia or an 
^ E a 3 oe in the direct substitution reaction of an alkyl halide (Section 
За). ollowing example illustrates the conversi 
i exa sion of an alcohol to an amine vi 
the Mitsunobu reaction in the substitution step: — 


H CH 3 
Substitution HNs, PhP 
DEAD 
Hydrogenation etam 
Pd/C 


The nitro group is al i 
as Pa, Pe dn E. up is also hydrogenated to form an amino group using catalysts such 


n 


ul 


\ 


\ 
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NH; 
Ha Pt 
NO; LC (i atm) СУ 
© NH; 
“_ Snc, HCI Cy 


Aniline 


This transformation бо, > RNH 3 finds much use with aromatic nitro compounds, 
the preparation of which will be presented in Section 17.2c. Aromatic nitro compounds 
are readily reduced with metal ions in acid, зо е combinations of 5061 in hy- 


drochloric acid or Zn in acetic acid are also used to form aniline derivatives. 
roc ic acid are also used to form aniline derivati 


Nitrobenzene 


EXERCISE 11.3 


Draw the structure of the major product expected from each of the following reactions: 


a. H b. 
CH3 1. MeSO,CI, NEt; 


Fw 1. NaN, DMF 2. KCN, DMF 
—M——À > 
cl Ph 2. Ha Pd/C 3. Ha Pd/C 
OH 


11.3 OXIDATION REACTIONS OF ALKENES 


As described in Section 11.2c, reduction of an alkene takes place by addition of hy- 
drogen atoms to the л bond. By analogy, we might expect that oxidation will occur by 
addition of oxygen or other heteroatoms to a л bond. Oxidizing agents are recogniz- 
able because they normally have several oxygen atoms or a metal ion in a high oxida- 
tion state. Examples of typical oxidants in organic chemistry include О», Os, RCO3H, 
KMnO,, CrOs, KsCroO;, OsO,, and NalIO,. In the next sections, we will examine the 
reactions of several of these species. 


11.3a MOLECULAR OXYGEN Is NORMALLY INERT TOWARD REACTIONS 
WITH ORGANIC MOLECULES 

Molecular oxygen, Og, exists as a triplet state species (two unpaired electrons) and not 
as the species with paired electrons, which is what it would be if the octet rule were 
strictly obeyed. The derivative with paired electrons is called singlet oxygen. It is formed 
by photochemical excitation of Os, often in the presence of a photosensitizer, a mole- 
cule that converts light to chemical energy and transfers the energy to other materials 
or molecules without undergoing a chemical change itself. 


hy + photosensitizer 


:0—0: > :0=0: 


Molecular oxygen Singlet oxygen 


(triplet oxygen) 


Singlet oxygen reacts with unsaturated species by pericyclic mechanisms (Section 
10.4a). For example, a 1,3-diene reacts with singlet dioxygen (a dienophile) to form а 
peroxide via cycloaddition. (This is not a commonly used transformation; it is included 
here only to relate the properties of singlet oxygen to the Diels-Alder reaction, with 
which you are already familiar.) 


туге mot 


Roc het ренү чүлүгү 
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hy 
о, 


photosensitizer 


Dienophile 


Diene 


In contrast, the reactions between triplet oxygen and organic molecules, which normall 
have fully paired electrons, are said to be "s in-forbidden", a consequence of the a И 
of quantum mechanics related to the energies and interactions of electron s in stat d 
This fortunate peculiarity of molecular structure permits life as we know it т ыры 
the Оз in the atmosphere existed solely in the Singlet state, organic matter on i 
would have been oxidized long ago. Reactions do occur between organic com ea 
and triplet oxygen, and we will consider some in Chapter 12. 5 к 


11.3b OzoNoLvsis OF AN ALKENE CLEAVES THE CARBON-CARBON 7t 
BOND TO FORM CARBONYL-CONTAINING COMPOUNDS 
Singlet oxygen is not the only oxygen-containin: i i 
g species that can react in cycloadditio: 
reactions. Ozone reacts with alkenes through a [4 4 2]-cycloaddition Broces (Section 


10.4b). Ozone is an example of a dipol is, its princi 
| polar molecule—that is, 
forms display two charges, plus and minus. екеш 


Me Ls А 
M d 
©; 


Ozone 


The cycloaddition reaction between an alkene and ozone occurs within a si 
electron transition state between five atoms. Notice that the four-electron геа, tad 
(ozone) uses two electrons from ал bond and two electrons from an inde ae 
rather than having four л electrons as in the Diels—Alder reaction (Section 10 4b). 


2 Electrons 4 Electrons 


Saw? O° А 

C А М © 

i pet = Qo 
2° М =O; AN = 


4+2 Cycloaddition Six-electron, five-membered ring 


transition state 


Th i i 
UN E Step in the reaction between an alkene and ozone produces a molo- 
butte “са rearranges to an ozonide. Ozonides are more stable than molozonides 
ey do decompose upon standing. | 


р Е / 
So EN See b 
i ot =, T Y — o v 
we 7, —J3c А 29° Hen | 
У cg «Уо \-9 
^ JF" \ 
A molozonide An ozonide 
(unstable) 


CAR А ж 
y oe can be treated with additional reagents (worked-up) to form carbonyl 
nds. The overall reaction of an alkene with ozone results in the rupture of the 


com 
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Table 11.1 Products formed by ozonolysis of alkenes. 


Products from 


Alkene Products from 
reductive workup? 


oxidative workup^ 


R H R H R А 
\ / \ / \ 
с=с с=о о=с с=о о=с 
EOS / \ 
H H HO OH H H 
R R' R R' В К 
TA \ / 1 
TN с=о о=с с=о о=с 
£^ / 4 E 
н HO OH H п 
R H R Н $ n 
И: \ / N 4 
с=с c=0 о=с = dc 
FON / N / 
R H R OH R н 
R R' R R' R К 
-- \ / ` 
сес с=о о=с pem cue 
ÁN / N / 
R R R OH R H 
R R' R R' R К 
V / \ / | 
с=с сео о=с eas 
SON, / X / 1 
R R R R i 


"Hydrogen peroxide = H5O;. 
*7n/H3O or (CH3);S. 


carbon-carbon x bond with formation of new x bonds between carbon and oxygen 
atoms. The reagents used in the workup determine which products are formed. Treat- 
ing the ozonide with an oxidizing agent such as hydrogen peroxide, НО», gives ketones 
or carboxylic acids—the former if the double-bond carbon atom is disubstituted, and 
the latter if this carbon atom is monosubstituted. Reductive workup, which uses zinc and 
water or dimethyl sulfide, produces aldehydes or ketones, again depending on whether 
the alkene has one or two substituents on the alkene carbon atom, respectively. 

Terminal alkenes yield formic acid, HCOOH, as one of the products upon oxidative 
workup; and formaldehyde, HCHO, upon reductive workup. Table 11.1 summarizes the 
reactions of ozone with alkenes that have different substitution arrangements. Before 
the development of spectroscopic methods, ozone was commonly used as an analytical 
reagent to determine the location of double bonds within molecules. Ozonolysis is now 
used primarily as a means for cleaving carbon-carbon bonds on a preparative scale. 

The example in the following equation illustrates reductive workup using methyl 
sulfide, which is converted to dimethyl sulfoxide, (CH3)9S7O, as а byproduct. Notice 
that the trisubstituted alkene is cleaved to produce an aldehyde and a ketone, as pre 
dicted from the data in Table 11.1. 


н н 


1. Оз, CH,0H, ~ 70°C Q 

^. es : 

Padi 1- Or Oh sse t bs (62%) 
(CH30);CH 


(CH30);CH 
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EXERCISE 11.4 


What are the expected products from each of the following reactions with: (1) oxida- 


tive workup, and (2) reductive workup? 


H 
1. Оз, CH;Ci;, — 
| EL dirus gef Ld 1. Os, сњ, — 78°C , 
2. workup 
? т 2. workup 


11.3c OSMIUM TETROXIDE REACTS WITH ALKENES 
TO FORM METALATE EsTERS 


The concerted [4 + 2] cycloaddition mechanism used to rationalize the reactions be 


tween alkenes and ozone also appli idati 
k pplies to the oxidation reactions of a i i 
metal oxides such as osmium tetroxide, OsO,. аа 


о. О 
Wo Set E 
l AAA ————À | Os 
5S Ф {тө М, 
Os(VIII) Os(VI) 


The five- i i i 

Em E dun ring osmate ester intermediate is a stable species, so a separate 
| А 
ids Ӯ А 8 k cleave the osmium-oxygen bonds to liberate the organic product, 
а vicinal о. neal) рерге of osmium tetroxide (osmium is the rarest 
ansition metal) led researchers to fi 

l ion ind processes that only-cat- 
alytic rather than stoichiometric amounts of Os. теве hydrop xid 
methylmorpholine-Moxide are reagents that met Os(VI) 5 ue Se 
um idize Os to Os(VIII) and liberat 

l. These reagents transfer an oxygen atom to the metal ion, yielding tertbu 1 i 


cohgland Nmethylmorpholine respectively. 


CH; GxxelomA S :б:- 
Her 
CH,—C—Ó: | 
pc ot 
б, eg CH; 


tert-Butyl hydroperoxide N-Methyimorpholine-N-oxide 


In the followin: 
equiv, 


is s ў 
lereospecific under these catalytic conditions; the stere: 


aa atalyt ochemistry of addition 1s syn. 
Second and third equations in the following scheme highlight the тасш; | 


of this overall i al results obtained when 
; process b showing the different i ° 
- y stereochemical i 
Tüng with the (E) and (Z) isomers of 4-octene. С i 


1 g examples, only a small amount of osmium tetroxi 
| oxide, perh: . 
is added to 1 equiv of alkene and excess oxidant. This dihydroxylation RE 


D 
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HC, нс он HO OH 
Os0,, t-BuOOH Я ; Я 
а, НО» H3C mi 
== FBuOH, OH ^ y + s З (71%) 
СН; CeHs C; Hs 
Racemic 
\ 
OH 2H 
If de сш | + ONY AN ° 
x TR Nam ditio ; (73%) 
\ (E) OH CH 
Racemic 


(2) 


он 
Os0,, t-BuOO! 
SOx t Bu M -— eo (61%) 
t-BuOH, OH y 
OH 
meso 


[To complement the syn-dihydroxylation of alkenes using osmium tetroxide, an anti- 
dihydroxylation process can be carried out by epoxidation followed by ring opening 
with water; this transformation will be discussed in Section 11.3e]. 


EXERCISE 11.5 


Draw the structures of the major products, including stereochemistry, that are ex- 
a. b. 


pected from each of the following reactions: 


11.3d PERIODATE loN CLEAVES VICINAL DIOLS TO Form 


ALDEHYDES AND KETONES 
Another/oxidant\used to regenerate osmium tetroxide after its reaction with an alkene 


is periodate ТОП, IOJ. With this oxidant, however, the diol is not isolated. Instead, the 
carbon-carbon bond of the alkene is cleaved to generate the same types of products 
that are produced by ozonolysis followed b reductive workup- Thus, the products of 
this transformation, called the Lemeiux-Johnson cleavage, are aldehydes ог ketones. 


The periodate ion oxidizes the osmium byproduct to regenerate OsO,, which is there- 
fore a catalyst in this procedure. 


OsO,, t-BuOOH 
t-BuOH, OH” 


0s0,, t-BuOOH 
t-BuOH, ОН” 


H 
ZFS 050, dioxane -—— 6 о 
ee ey = 
CS H,O, NaiO, o + HC 
(68%) (not isolated) 
dioxane = O [e] 
Nau 


By itself, periodate ion, as well as its conjugate acid HIO,, cleaves vicinal diols to 


produce carbonyl com ounds. In conjunction With osmium tetroxide, periodate ion 
cleaves an alkene dehydes (or ketones, depending on substitution of the 


ene), as shown in the following pair of equations. 


LATE LESION LOTR — 
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(75096) 


OH 
CT NalO,, H:O oe. 
B CHO 
Q CHO 
CHO 


[n the reaction between HIO; and a diol, a cyclic intermediate is formed first. Electron 
transfer leads to carbon-carbon bond cleavage with concomitant reduction of the io- 


OsO,, ether 


NalO,, Н;О (77%) 


dine atom. 
| LOH Е 
Мр C—O 
i HIO, ару ДА / ^p 
= җон —— E 
c њо су x +  HO—I Но 
О Prim ES 
| `OH jo o = No €) 
/ 


EXAMPLE 11.1 


What are the products obtained from the reaction of (E)-3-methyl-2-hexene with: (1) 
ozone and oxidative workup; and (2) OsO, and NaIO,. 


An alkene is cleaved by either of the given reagents to form carbonyl-containing prod- 
ucts, so we can simply replace the carbon-carbon double bond with two саго - 
gen double bonds. An alkene carbon atom without an attached hydrogen atom ick a 
ketone from that half of the alkene, no matter what conditions are used. An dikene car- 
bon atom with an attached hydrogen atom can produce either an aldehyde or car- 
boxylic acid, depending on the reaction conditions. ú = 


@ 


ссн, Я CH4CH;CH; 
с=с == ^ =0 + OSC or o=c 
H3C CH; НС CH; Ун 
3 
Ketone Aldehyde Carboxylic acid 


ү оке workup after ozonolysis of an alkene yields carboxylic acid and ketone prod- 
i a ee 11.1). The combination of osmium tetroxide and sodium periodate yields 
yde and ketone products. We write the equations as follows. The left side of the 


ene (as drawn) ives a ketone in eact i i 
n each А 1 1 y 
alk | i à ach case. The right side yields either an aldehyde 


снзснасна н CH,CH,CH; OH 
d 2 1.0 / 
C= 
/ e 2. H0; P xin + IR 
HC CH; HC CH; 
CH,CH;CH; H CH3CH,CH, H 
2. vad O50, ether / 
Nalo, H,0 I^? + OSC 
HC CH; HC tu 
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What are the products obtained from each of the fo 
and oxidative workup; (2) ozone and reductive workup; 
riodate ion. Which reagent combinations generate the same product mixture? 


a. 


The last type of alkene ох 
veniently done using а peroxycarboxylic acid, also called 
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EXERCISE 11.6 
Howing substrates with: (1) ozone 
(3) osmium tetroxide and pe- 


b. ©. 


н 
CO ИМИ МИМ Ss 
сн,сн,сн, 


11.3e EPOXIDES ARE FORMED BY REACTIONS BETWEEN PERACIDS 


AND ALKENES 
idation process we will look at is epoxidation, which is con- 
a peracid, RCOSH. The reac- 


tive peroxy group transfers its “extra” oxygen atom directly to the п bond of alkenes 
under certain conditions. Peracetic acid, СН:СОЗН, is the simplest stable peracid. The 
one used most commonly for epoxi ation reactions for many years was 3 
chloroperoxybenzoic acid, or MCPBA, but it appears to be shock sensitive and may ex- 

lode. Moré recently, magnesium monoperoxyphthalate (MMPP) was introduced as a 


Ser substitute less prone to thermal decomposition. Many other peracids are less sta- 
ble than those mentioned here, but mos 


t сап be used to make epoxides from alkenes. 


cl 


m-Chioroperoxybenzoic acid Magnesium monoperoxyphthalate 
(MCPBA) (MMPP) 


MCPBA -——3 
UA SLUT UL "Т? (8196) 


benzene 


The transfer of the oxygen atom from a peracid to an alkene л bond is considered 
owing equation. The actual mech- 


tobea concerted process, as represented by the foll g eq 
anistic details are not agreed upon; nevertheless, using the formalism illustrated here 


allows us to predict the correct product for this type of reaction, including the stereo 
chemistry of the epoxide ring. 


H \ 
о mH X^ o^ Pog 
ELS 
RI ~o” че P dudes R^ So у“ 


Because the alkene must present a single face of the т bond to the peracid, epoxi 


dation is stereospecific, resulting in syn addition of the oxygen atom. Hence, the epo* 


ide is formed with retention of the alkene stere hemistry. 


o 


—————À 


жезл tmt RFI NAT Ioni uet repe nom 


| 
| 
| 
| 


empty reiecta conantem irae ALF mmm 


eoe 


— 


OIM PES 


11.3 Oxidation Reactions of Alkenes 


Note in this example that only the tetrasubstituted double bond is epoxidized when 1 
equiv of the peracid is used. In general, alkyl substitution on the carbon atoms at th: 

ends of a double bond raises the electron density in the л system because of el ue a 
donation by the alkyl substituents (Section 6.2b), and this effect makes the cond 
Bi pucleophile. The c uc d t ffect makes the л bond a 


г nucleopł en atom that is transferred fr cid is consi 
to be electro hilic ; therefore, more highly cubital alone Se ee ae 
Direct epoxidation works well in many cases, but an epoxide can de form, db 
nucleophilic substitution. Recall that an alkene adds bromine in the presence of ae 
to yield a bromohydrin (Section 9.1e). Treatment of a bromohydrin vith base ү: 
deprotonation of the alcohol OH group, followed by an RES DUNT 
action that generates the epoxide (Section 7.2c). Because trans addition occurs in th 
first step to yield the bromohydrin, and because substitution proceeds by the back ide 
replacement of the leaving group from the carbon atom, the overall зоне cee. $ 
an epoxide with the same stereochemistry as one obtained by direct Selon Е 


MCPBA 
— y о 
benzene 


Вг, | Н.О trans addition 


542 backside displacement 


OH” — = 
CT - CY 
— 
Вг Ж 


; сап то Section 7.2e that epoxides undergo ring opening when they react with 

кс iles. When the nucleophile is water, then the product is a vicipal diol. The 

ү duct а from this transformation is opposite that obtained from the 
ium tetroxide dihydroxylation reaction, so th 

i » ese two proce: i - 

mentary stereochemical control. iru dC Ld 


H y 
OsO,, t-BuOOH АОН 
So 
t-BuOH, ОНТ meso 
H СУОН 
H 
H 
H F H OH 
PhCO;H d Hot ОН ЗАН 
m5 ы е. 
a it КУН УОН 
H OH H 
meso Racemic 


EXERCISE 11.7 


What is the гу, 
т expected monoepoxidati i i i 
1 a р on product, including stereochemistry, of the fol- 


осн Ù 


С.Н; Тедиіу МСРВА 
———— 


SS 


? (75%) 
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11.4 OXIDATION REACTIONS OF ALCOHOLS 


11.4a OXIDATION OF A 1° OR 2° ALCOHOL Occuns 
BY ELIMINATION OF Two HYDROGEN ATOMS 
TO GENERATE A CARBONYL GROUP 
An alcohol has an oxidation level that lies between that of an alkane and that of an alde- 


hyde or ketone. Removing two hydrogen atoms from a primary alcohol generates an 
aldehyde; removing two hydrogen atoms from a secondary alcohol produces a ketone. 


H R' 
| -2H | ] -2H | 
R—C—O > R H R—C—O > R—C j 
[ON L X 
H H H H 
A 1° alcohol An aldehyde A 2° alcohol A ketone 


The fact that atoms are removed and a x bond is formed during oxidation of an al- 
cohol suggests that elimination pathways may be suitable to carry out this type of trans- 
formation, If you consider how elimination reactions are accomplished—say, an E2 
reaction—you will recall from Section 8.2 that a base and a good leaving group are re- 
quired. If it were possible to replace the proton of the alcohol OH group with a good 
leaving group, X, then elimination of H* and X- would generate a C=O double bond. 
Infact, several oxidizing agents work according to this principle, as you will see in the 
next sections. 


H Xx Key: 
| / | AS | - 
C—O > —C—0 —> —C—O + *BH + X В =A base 
| | X =A good leaving 
H H group 
B 


11.4b THE SWERN OXIDATION Is SIMILAR TO THE E2 REACTION 
The Swern oxidation procedure is a common method for the oxidation of an alcohol. 


Dimethyl sulfoxide is a polar, aprotic solvent normally used to carry out substitution 
aad eEmination reactions (Section 65b) because Ои to deschve both inor- 
ganic salts and organic molecules. When combined with an “activating reagent”, 
DMSO reacts instead as an oxidant, converting alcohols to aldehydes or ketones. The 
activating reagent used for the Swern oxidation is oxalyl chloride. 

A reaction initially occurs between the two reagents to generate an activated 
DMSO complex according to the following equation. In the first step, which is con- 
ducted below -60°C, the oxygen atom of DMSO replaces one of the chlorine atoms in 
the oxalyl chloride molecule. The mechanism for this transformation will be discussed 
fully in Section 21.3a. 


Oxalyl chloride DMSO 


In Step 2, the chloride ion reacts with the DMSO derived intermediate. This step may 
appear complicated at first, but chloride ion simply acts as a nucleophile toward the 
positively charged (electrophilic) sulfur atom, replacing the O-CO-CO-CI group, which 
decomposes to form carbon dioxide, carbon monoxide, and chloride ion. 


11.4 Oxidation Reactions of Alcohols 
i^ abe 1 
усе Ex :C]—s:* r+ c +4 [| 
CH,—$—CH; CH; | 


In the next step, the alcohol oxygen atom reacts as a nucleophile toward the elec- 
trophilic sulfur atom, displacing chloride ion by an 542 type reaction; the chloride ion 


removes the proton from oxygen in an acid-base reaction. The organic product is an 
alkoxysulfonium salt. 


H HC H CH 
Rœ О: ~t CH > R х. 8 d j 

/ О o ee “у е? ш 
H H cl cr H ci- CH, 


An alkoxysulfonium salt 


In the second stage of the Swern oxidation, triethylamine is added to the reaction 
mixture. As a base, this amine removesa proton from one of the methy groups bonde 
to the sulfur atom. The positive charge on sulfur facilitates this acid-base reaction. 
forming a species called an ylide, a species with a carbanion center bonded directly to 
a positively charged heteroatom. You will encounter ylides again in Section 20.4. 


H H 
6—0 ar T 
Mk \ + 
H 37—69 Гы? H pots +  Et,NH*CI- 
H—C Es 
УХ? 7\ 
H H H H 
An ylide 


This ylide carbanion is the base that removes the proton from the carbon atom at- 


tached to oxygen. As the positively charged sulfur leavi = 
ee у g aving group departs, the C-O dou- 


H 
R ` [e] 
a m N 
X L CH; > gem + $—CH, 
i H x 
Po H "s 
H нон 


Apri n X E 

M difference between the Swern oxidation and an E2 reaction is the reaction 

E сопе stry: The Swern oxidation is a syn elimination process, whereas the E2 re- 
Оп 15 an anti-elimination process (Section 8.22). Because the x bond of aldehydes 


and ket lassified as (E) 
os е ones cannot be classified as or (2), the stereochemical course of this Oxi- 
Оп reaction is not important. 


What i i i 
; 15 the product of the following reaction? Draw the structure of the alkoxysulfonium 


nte i 
Tmediate and show the movement of electrons that occur in the elimination step. 


OH 
1. DMSO, CICOCOCI, СНСІ,, — 78°С 
2. МЕЂ ý 


Kx te X 
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11.4с HiGH-VALENT METAL OxipEs ARE COMMONLY USED TO OXIDizE 
ALCOHOLS TO CARBONYL-CONTAINING MOLECULES 


High-valent metal oxides are routinely employed for the conversion of an alcohol to an 
aldehyde or ketone, a process that proceeds by a mechanism similar to that of the 
Swern reaction. A metal oxide can produce either an aldehyde or a carboxylic acid 
from a primary alcohol, depending on the specific reagent and the conditions em. 
ployed. If water is present, oxidation to the carboxylic acid is facile. In the following 
equations, the letter "O" in brackets is a shorthand notation for oxidation; it is used 
when the reagent is not specified. 


Depending on the reagent and 
conditions used, the oxidation of a 
R—C—H > R—C—H > R—C—OH primary alcohol is sometimes difficult 
to stop at the aldehyde stage. 


A 1° alcohoi 


A secondary alcohol is oxidized only to a ketone, which is difficult to oxidize fur- 
ther, as that would require breaking a carbon-carbon bond. A tertiary alcohol has no 
hydrogen atom attached to the carbon atom bearing the OH group, so it does not un- 
dergo these normal oxidation processes. 


OH о он 
‚ del l |, t9 | o, dol 
E E => R—G—R' — > NR. R—C—R" —— М.А, 
H R' 
A 2? alcohol A 3? alcohol 


Further oxidation of a ketone is difficult, 
so chemoselectivity is not an issue in the 
oxidation of 2° alcohols. 


Chromium oxide reagents are commonly used to oxidize alcohols. Chromium(VI) 
oxide is the starting material for many reagents, and two of its derivatives find wide ap- 
plication. One, called Collins's reagent, is prepared by the addition of chromium tri- 
oxide to pyridine. The other is Corey's reagent, also called pyridinium chlorochromate 
(PCC), and is made from CrOs, hydrochloric acid, and pyridine. 


H 
| 
N* 
CrO; [№ cro3cl~ 
OQO Os 
Chromium oxide-pyridine РСС 


(Collins’s reagent) (Corey's reagent) 

Both of these reagents react with primary alcohols in dichloromethane, the solvent, 
to produce the corresponding aldehydes in high yield. A secondary alcohol is converted 
to a ketone with either reagent. 


CH;OH CrO; pyridine CHO 
E eu EI amem n 
TuS CH;Cl;, 20°C NA (85%) 
Se e "us HO 
Өн сн, (84%) 


i 
i 
D 
И 
{ 
t 
: 
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ё 
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E 
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PCC 
Ok ^ (81%) 
OH О 


The mechanisms of these reactions are complex and comprise several steps that in- ее pyridine 
yolve one- and two-electron changes. The first steps generate an alkoxychromium (VI) © 


complex, as illustrated for chromium (VI) oxide in the following equations: | Oh => 229 Cf 
N 


H 


z Ж: Ha p Eon 5-0 -e 
/ 
Пб. SS H + Cr Н. & Cre ‚ „с Л ІП 
R—C—H > R—C—H R—C—H > R—C—H 
| @ | 1 @ | 
H H H H 


Oxidation proceeds with the removal of a proton by one of the chromium-oxo groups, 
which reduces the chromium (VI) ion to chromium (ТУ). Like the Swern oxidation, this es 
process involves syn-elimination. 


adds 
e Ho 

HO o 

mih. о HO 

N, 

er — o + “fon 
С) ) H R [к 
u^ Гн“ \ : HO 


y RI 


Chromium oxide can be used to make other oxidizing reagents, too. Chromic acid Jem e9 
is made by dissolving CrOs in water and acid: The combination of chromic acid and. sul- 


furic acid is called the Jones reagent. Acetic acid can be used in place of H5SO,. Unlike OH \° — боо\ч 


Collins and Corey's reagents, chromic acid is able to oxidize aldehydes as well as pri- o 
mary alcohols unless the reaction conditions are controlled very carefully. Therefore, On 2 e ^ 
chromic acid is used mainly to oxidize primary alcohols to carboxylic acids and sec- © 


ondary alcohols to ketones. A reagent that works better in basic solution is potassium 
permanganate, КМпОу. KM mOn BRE 
МО SAC. 
у Was 


н;сго, О Hi = ET 


CH,F—(CH),—CH,OH ro? CH;—(CH),—COOH (93%) 
OH ео o On £ "убы 
2 4 
Ee (95%) tt 
A more selective reagent than those mentioned already is manganese (IV) oxidé, bhem aM \С 


МпО», which only reacts with benzylic and allylic alcohols to yield aldehydes and ke- nM mê < | И 1 
й одре 3 


tones. Saturated 1? and 2? alcohols are inert toward this reagent, as shown in the sec- 
ond equation that follows. 


à (Є) 
H OH p Ce 
SS по, EN 
у oie a ‘cea (70%) H 
ony > “©” 
a 
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OH о 
OH OH 
MnO, 
Acetone, 25°C (84%) 
CH5 CH3 


EXAMPLE 11.2 


Which metal oxide reagents can be used to carry out the following transformation? 


OH о 


ee 


First, identify the type of alcohol represented by the starting material. This compound 
is a secondary, benzylic alcohol. Benzylic alcohols can be oxidized by MnO», so that is 
one reagent that can be used. Every chromium oxide reagent mentioned above will ox- 
idize a 2° alcohol to a ketone. Overoxidation is not the problem it would be for a 1° al- 
cohol, which can be converted to an aldehyde or carboxylic acid, depending on the 
reaction conditions. Therefore, any of the following can be used to perform this oxi- 
dation reaction: CrOs-pyridine, PCC, HoCrO4, KMnO,, or MnO». 
2 CY ^ oo 


P M vA 


ats 


EXERCISE 11.9 


Which metal oxide reagents can be used to carry out each of the following transfor- 
F 


mations? 
b. 
CHO 
OH 
Bene CC" A CX 
d. 
H Pee. реч АЛ 
Tw? mme “С “сно 


a 


11.44 HiGH-VALENT IODINE Compounps OXIDIZE ALCOHOLS 
TO CARBONYL COMPOUNDS 


Literally hundreds of reagents are available to oxidize alcohols to aldehydes, ketones, 
or carboxylic acids. The most commonly used ones are those mentioned in the previ- 
ous sections. A class of reagents gaining popularity comprises high-valent organoiodine 
compounds. For complex substrates, these species are sometimes the only ones able to 
oxidize an alcohol functional group with chemoselectivity, that is, without affecting 
other functional groups that are present. The structures of two common oxidants аге 
shown below: Iodoxybenzoic acid (IBX) and the Dess-Martin Periodinane (DMP), 
named for the two chemists who first reported its practical use as а selective oxidant. 
Like the related periodate ion (Section 11.3d), these reagents have a high-valent iodine 
atom bonded to several oxygen atoms. 


t 
[s 
= 
5 


AcO 
d : A 
\ = с 
o о 
IBX DMP 


Both of these reagents convert primary alcohols to aldehydes and secondary alco- 
hols to ketones. The primary difference is the solvent employed for each procedure; 
{BX is insoluble in halogenated solvents, hydrocarbons, and ethers, but it dissolves 
readily in DMSO. The DMP oxidations are conducted in methylene chloride. — a 


IBX 
PhCH,CH;OH —puso ^ PhCH,—CHO (82%) 


The reaction mechanism follows the same course that you have seen in previous 
sections: The alcohol binds via its oxygen atom to the high-valent atom—iodine in 
these reagents—and an oxo group removes a proton with the concomitant movement 
of electrons to form the x bond of the carbonyl group. 


Ө: Form 
e УОН 6:-(0oH “Н 


E andi — 

o — W ^ -њо 

Ф CHR -A 
о o 


114e IN BIOLOGICAL SYSTEMS, OXIDATION OF AN ALCOHOL OCCURS 
BY THE FORMAL DISPLACEMENT OF A HYDRIDE JON 


Because alcohols play a significant role as metabolic and biosynthetic intermediates, it 
is not surprising to find that alcohol oxidation processes are common in biochemistry. 

_ Before examining that transformation in detail, let us consider an alternate mech- 
anism for alcohol oxidation, one in which a leaving group is attached to the carbon 
od Removal of the proton from the OH group along with displacement of the leav- 
ч group creates а carbon-oxygen double bond. In biochemical systems, alcohol oxi- 
5 оп occurs in just this manner. Astonishingly, the leaving group is a hydride ion. How 

oes such a strong base function as a leaving group? 


H "m 
7 
F jt 9 Key: 
R—C—H | [| + y: 
| == R—CUX — R—C + B—H + X B=a base 
H ! | X =a leaving group 


OH О 
с, we CL 
Ж CHCl; | 
"Ph 


Gh ? 2-6 
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The key to this transformation is a molecule called nicotinamide adenine dinu- 
cleotide, NAD*, which functions as a coenzyme in the biochemical oxidation reactions 
of alcohols. A coenzyme is an organic molecule required by an enzyme to catalyze its 
chemical reaction. The enzyme active site serves to orient both the substrate molecule 
and the coenzyme in proximity so that the needed transformation can occur. In this in- 
stance, the enzyme provides the needed basic site. No reaction occurs in the absence of either the en- 


zyme or the coenzyme. 


As shown below, NAD* contains an alkylated pyridine derivative, a compound that 
looks like benzene except that one CH fragment has been replaced by a nitrogen atom. 


X OH Hm. 
ILA н 
- E V Фу NH; 
0000 | = H EM H 
о V WV ЕР . . 
LANI p N The reaction center in 
N Ny о“ “0 о о МАЮ *and NADP * H^^N/^H 
e | М :dl 
N 2 Ругіаіпе 
NH, HO OH 
X=0H Nicotinamide adenine dinucleotide (NAD*) 


X-0PO, Nicotinamide adenine dinucleotide phosphate (NADP*) 


In the alkylated pyridine ring that constitutes the functional portion of МАР“, the ni- 
cies is NADP*, which has an addi- 


trogen atom carries a positive charge. A relate 


tional phosphate group. The NADP* normally functions as a coenzyme іп 1 


pathways, and NADt is utilized in degradative processes. 


The alkylated pyridine ring in both of these coenzymes can act as a hydride ion ac- 
_ceptor, with two electrons flowing to “neutralize” the charge 
tice that the transfer of a hydride ion is equivalent to the transfer of a proton, H*, and 


two electrons. 


Н sH*42e7 
The alkylated pyridinium ion їп NAD‘ is a two-electron acceptor, and it is reduced 


the enzyme, most probably the imidazole group of a histidine residue. 


iosyn thetic 


on the nitrogen atom. No- 


to an Nalkyl-4,4-dihydropyridine derivative as the hydrogen atom attached to the œ- 


carbon atom of the alcohol is transferred to the 4-position of the ring, as illustrated in 
Figure 11.3. The proton attached to the alcohol OH group is removed by a basic site in 


B is a base in the enzyme active site 
(for example, an imidazole ring of 


f 8 Y the amino acid histidine). 


Figure 11.3 
The oxidation of alcohols in 


biological systems by NAD* 

within the active site of an И . 

alcohol dehydrogenase NAD* (oxidized form) 
enzyme. An alkylated pyridinium ion 


NADH (reduced form) 
An N-alkyl-4,4-dihydropyridine 


Imm yore emm 


"Osten 


11.5 Oxidation Reactions of Amines 


The process illustrated in Figure 11.3 occurs as one step in several metabolic 
processes, and it is reversible, as you will see later. Specific examples, which are shown 
in Fig. 11.4, include the oxidation of isocitrate to o-ketoglutarate via its carboxy deriv- 
ative, and the oxidation of malate to oxaloacetate. These reactions constitute о steps 
in the citric acid cycle (also called the Krebs cycle), a pathway by which an acetyl Pis 
is ddp E carbon dioxide and energy. Another important alcohol ices 

rocess in biochemistry yields B-ketothio i ichi 
Ee ction in fatty acid а кынын Physroxythicesters which "P 


NAD* NADH + H* H COO 


isocitrate 


н COO- dehydrogenase соо 


(2R,35)-Isocitrate (S)-3-Carboxy-a-ketoglutarate 
a сы - NAD? NADH + H* - 
ooc—CH, Coo H ooc—Ch, «007 


S 
H OH malate I 
dehydrogenase о 


(S)-Malate Oxaloacetate 


NAD* NADH + H* 


RY с0—5—Сод ү ^о -— 


OH B-hydroxyacylCoA [e] 
dehydrogenase 


11.5 OXIDATION REACTIONS OF AMINES 


Nitrogen, like carbon, has different oxidation levels (Section 11.1b). Their oxidati 
reactions differ, however, because a nitrogen atom often has an unshared air of elec. 
trons, and it can readily lose an electron to form a reactive radical cation. This TO) 

of nitrogen makes oxidation at adjacent carbon atoms more difficult. | кок 


Еїдиге 11.4 

Some metabolic reactions in 
which NAD* is a coenzyme for 
oxidizing alcohols to ketones. 
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re - + 
—C—M > C—N Removal of an electron from the 
mE Ld nitrogen atom creates a radical cation. 


A particularly useful reagent for the oxidation of amines is dimethyldioxirane. 


hich ; : 
Which is prepared by the reaction between acetone and the hydrogen persulfate ion 


HSO;-. 
сн, сн 
\ нѕ0;- V 
О —— $ 9 Dimethyldioxirane 
cH, cH, 


(үүн, [ord]? 
NH» ik №, 


Mma SDN “М 
030 


mal: 
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This reagent converts all types of primary amines, including aryl amines, to nitro com. 
pounds. 


с? 
“о 


NNN, SH dg NANO, (84%) 


сн, 


о 

c 

"n 
Qe & One 
E: = 


(95%) 


а 

соон Уб соон 
Гү = 

HN O;N 


By contrast, a secondary amine is oxidized cleanly by this reagent to the corresponding 
hydroxylamine. 


(9596) 


(97%) 


Aniline derivatives are not always oxidized to nitro compounds, and this variability 
demonstrates that multiple and sometimes complex pathways exist for the oxidation re- 
“actions of nitrogen atoms. Manganese dioxide converts anilines to azo орош ап 
oxidation process that provides an alternate synthetic route to dyestuffs (see Section 


17.4d). 
Om =. 0-0) 


A tertiary amine undergoes a fundamentally different reaction because there are 
no N-H bonds. With a strong oxidant such as a peracid (Section 11.3c) or ea 
peroxide, a tertiary amine is converted to an N-oxide. This process appears to involv 
direct transfer of an electron-deficient oxygen atom to the nucleophilic nitrogen atom, 
analogous with the oxygenation of a double bond to form an epoxide. 
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CHAPTER SUMMARY 


Section 11.1 Oxidation states in organic molecules 


* Oxidation is the removal of hydrogen atoms from or the incorporation of het- 
eroatoms into a molecule. 


* Reduction is the removal of heteroatoms from or the incorporation of hydrogen 
atoms into a molecule. 


* The oxidation level of a carbon atom is assigned on the basis of the number of 
attached heteroatoms or 1 bonds that are present. 


e Nitrogen atoms also have different oxidation levels, which are based on the 
number of attached oxygen atoms or multiple bonds. 


Section 11.2 Hydrogenation reactions 


* Analkene undergoes hydrogenation—addition of molecular hydrogen to the x 
bond—in the presence of a metal catalyst such as Pd, Pt, or Ni. The stereo- 
chemistry of addition is syn. 


* An alkyne undergoes hydrogenation to form an alkane with the catalysts used 
for alkene hydrogenation. If a poisoned catalyst is used, the process stops at the 
cis-alkene. 


e Azido (Ns), cyano (CN), and nitro (NO2) groups are reduced to amino groups 
(NHg) using hydrogen and a catalyst such as Pt, Pd, or Ni. Nitro groups are also 
reduced with SnCly in hydrochloric acid or Zn in acetic acid. 


Section 11.3 Oxidation reactions of alkenes 


* Ozonolysis is a cycloaddition reaction that occurs between ozone, Оз, and an 
alkene. Depending on the conditions of the workup step, aldehydes, ketones, or 


carboxylic acids can be formed. The types of product that are formed are sum- 
marized in Table 11.1. 


* Osmium tetroxide (OsO,) reacts with an alkene to forma cyclic intermediate in 
which two of the oxygen atoms have added to the т bond. The stereochemistry 
of addition is syn. 


A vicinal diol is the product of the reaction of an alkene with OsO, in the pres- 
ence of a cooxidant such as tert-butyl hydroperoxide or Nmethylmorpholine-N- 
oxide. The overall transformation is called dihydroxylation. 


* Analkene is cleaved by the reagent combination of OsO, and NaIO,; the prod- 
ucts are ketones and/or aldehydes. 


Epoxidation of a carbon-carbon double bond takes place when an alkene is 


treated with a peracid. The more highly substituted the double bond, the faster 
it reacts to form the epoxide derivative. 


Section 11.4 Oxidation reactions of alcohols 


* The Swern oxidation is a two-step procedure that exploits dimethyl sulfide as a 
leaving group in converting an alcohol to the corresponding carbonyl com- 
Pound. An ylide intermediate acts as a base to remove a proton from the carbon 
atom that bears the leaving group. 


High-valent chromium oxides are the most commonly used reagents for the 
conversion of alcohol to carbonyl compounds. 

Oxidation ofa primary alcohol with chromium oxide reagents under nonaque- 
Ous conditions produces an aldehyde. When water is present, oxidation contin- 
ues to generate a carboxylic acid as the product. 


* Chromium oxide reagents convert secondary alcohols to ketones. 
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* A tertiary alcohol is not oxidized by metal oxides under normal conditions. 

e Manganese(IV) oxide converts only allylic and benzylic alcohols to their corre- 
sponding carbonyl derivatives. 

* High-valent iodine compounds oxidize alcohols to carbonyl compounds. 


* Foroxidation of an alcohol to a carbonyl compound in biochemical systems, an 
enzyme uses NAD*, a coenzyme, to accept a hydride ion from the carbon atom 
bearing the OH group. 


Section 11.5 Oxidation reactions of amines 
* Dimethyldioxirane is prepared from acetone and the Н$Ов ion, and it converts 
a primary amine to a nitro compound. 
* Dimethyldioxirane converts a secondary amine to a hydroxylamine. 
e Tertiary amines are oxidized to form amine Moxides. 


Section 11.1a Section 11.3b Section 11.4c 
oxidation level ozonide Collin's reagent 
Corey's reagent 

Section 11.2a Section 11.3d Jones reagent 
chemoselectivity Lemeiux-Johnson 

cleavage Section 11.4e 
Section 11.2b oenzyme 
poisoned catalyst Section 11.4b citric acid cycle 
Lindlar catalyst Swern oxidation 

ylide 
REACTION SUMMARY 

Section 11.2a 


Hydrogenation of alkenes using a metal catalyst (Pd, Pt, or Ni). The reaction takes 
place at atmospheric pressure of Hg; the stereochemistry of addition is syn. 


н н 
de а 7 а 
/ \ fae / \ 


Section 11.2b 
Hydrogenation of alkynes. Use of Pd/C leads to complete reduction and formation of 
an alkane; use of a poisoned catalyst stops the reaction at the cis-alkene stage. 


H H H H 
н, \ / н, RS c 
E —С==С— —————5 == 
с=с Pd/C * T Es с=с Lindlar catalyst ^ \ 
H H 


Section 11.2c 

Hydrogenation of azido, cyano, and nitro groups. Each of these groups undergoes 1€ 
duction to form a primary amine. Nitrobenzene derivatives react with either Zn 10 
acetic acid or SnCly in aqueous НСІ to form aniline derivatives. 
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Reaction Summary 


M Ha Ni 
R—-C=N ——— > R—CHNH, 


Н», Pd/C 
R—-N=N=N | ————»5  R—NH, 


R—NO. IWTWC S RNG SnCl,, HCI 
E 2 Ar—NO, т Ar—NH; 
Zn, HOAc 


Section 11.3b 


Ozonolysis of alkenes. The substitution pattern of the alkene, as well as workup condi- 
tions, oe the structures of the products that are formed, which are summarized in 
Table 11.1. 


VM 1.0, \ / 
b S 2. T > F o + = 


Section 11.3с 


Dihydroxylation of alkenes with OsO4. The stereochemistry of the addition is syn. A 
cooxidant such as N-methylmorpholine-Noxide (ММО) ог tertbutyl hydroperoxide is 
employed to reoxidize the osmium product. 


P / Oso, 
N NMO or t-BuOOH * 


Section 11.3d 


The combination of IO47 and OsO, cleaves alkenes in the same manner as ozonolysis 


followed by reductive workup. Vicinal diol b i [ 
BME erode р 1015 can be cleaved using IO47 or HIO, to form 


К / Озо, \ / но pH 
= 4 — \ 
į S a £79 + Dec + £ чао, , Yes 


Section 11.3e 


À peracid conve: 
rts an alkene to the i i ; 
dition is syn. corresponding epoxide. The stereochemistry of ad- 


V / 

t—c RCO,H jd 

ИА “Мм 
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Section 11.4b 


The Swern oxidati i 
tion. This two-step procedure converts a primary а] 
hyde and a secondary alcohol to a ketone. куанышын 


R' d 

| Lac i 
к—с— . CICOCOCI, DMSO, CH,Cl,, — 60°C \ 

oer э а 

H R 


Section 11.4¢ 


The oxidat; ; 
eon of alcohols using metal oxides. Under anhydrous conditions, a primary 
1S converted to an aldehyde. If water is present, a primary alcohol is oxidized 
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to form a carboxylic acid. A secondary alcohol reacts to form a ketone under all con. 
ditions. A tertiary alcohol is inert toward these reagents. Manganese (IV) oxide oxidizes 
only benzylic and allylic alcohols to the corresponding carbonyl derivatives. 


H R 
\ 1or2 N 
R—C—OH ————— C—O 
/ / 
H H 
H R 
X 3or4 N 
R—C—OH > С=0 
Кеу: 
н Ho 1. CrOs, pyridine, CH,Cl, 
2. PCC, СНС), 
R R 3. CrO,, H250, 
1-4 d 
R—C—OH š с=о 4. K,Cr,07, H30 
7 / 
H R 
R' R 
N MnO, \ = 
R—C—OH R= aryl, vinyl 2—0 
H R' 


Section 11.4d 
The Dess-Martin reaction. High-valent iodine compounds oxidize primary alcohols to 
aldehydes and secondary alcohols to ketones. 


В ОАО); 
i 


H \ 
o 
x CH;Cl; ? o 
OH 
Section 11.4e 


In biochemical systems, alcohols are oxidized by an enzyme plus the coenzyme МАР". 


H 

хм + \ 

XQ MES po 
OH 


Section 11.5 

Dimethyldioxirane oxidizes primary amines to nitro compounds, secondary amines to 
hydroxylamine derivatives, and tertiary amines to N-oxide derivatives. Peracids and hy- 
drogen peroxide can also be used to oxidize tertiary amines. 


(CH3;c(03 


R—NH; > — R—NO, 
R' сн;) (0, R' 
R—N (CH34C(O3) км 
H OH 
R’ R 
pe PhCO3H „Ме A 
RN" e——— R NO 
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| ADDITIONAL EXERCISES 
11.10. What is the expected product from the reaction of each of the following com- 

pounds with hydrogen and 5% Pd/C? What would you expect to obtain from the 

reaction of the compound in part (c.) with hydrogen and a poisoned Pd catalyst. 


a. b. c. 
= 
HOT Н T€ 
11.11. For each pair of compounds, indicate which is the more oxidized at the carbon 
atom indicated by the arrow. If the oxidation level is the same, indicate that fact. 
a. b. 
Tu "T d. PW 
1 t і t 


С: d. 
bn 1 eek i : 
CHO CN CK "S 
t t 


ES 
o N—CH; 
* M 


f. 
As Aem 


11.12. Which of the oxidation reagents described in this chapter could be used to 


carry out the following transformations in good yield, without significant genera- 
tion of side products: 


NNN OH ә PVPs 
CHO 


d. 
OH о 
| CO-CO 


ZNO coon 
е. 
С: OH fe) 
он o b ddl py 
O- оч 


11.13, Draw the structure of the alkene needed to react with a peracid to form each 


of the following epoxides: 


Е b. 


© d. 
о о CE 1 
PE m o 
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11.14. Show how you would prepare the compounds in Exercise 11.13c and 11.13d by i 11.21. The MO representations of ozone are illustrated below heare hesan 
performing the electrophilic addition of bromine in water followed by ring closure, A those in the allyl л system (Exercise 10.22). Arrange these orbitals by — 

d . Th i aA i D 

11.15. The previous two chapters (Chapters 9 and 10) have presented several reac- ў B ОМО d c PE these orbitals; indicate which orbital is 


tions of alkenes. Predict the major product that would be obtained from the reac- 
tion of cis2-butene and trans2-butene with each of the following reagents. Specify 
the stereochemistry of the product by assigning (R) and (5) to any new stereogenic 


center that is formed and indicate whether a racemic mixture is formed. JAINA A WA LN] 


a. Hg(OAc)s in H2O е. ВН; · THF followed by НәО», OH- 
b. Hg and Pd/C f. MCPBA 
c. OsO, and NaIlO4 g- Brg in НО і 
d. Оз followed by (СНз) 5 h. CHCls, OH- \ 11.22. Based on your answers to Exercise 11.21 as well as the illustrations in Section 
. | 10.4с showing the [4 + 2] cycloaddition process, describe which orbi i 
11.16. Repeat Exercise 11.15 for methylenecyclohexane. і volved in the reaction of an alkene with a Азр Ауе = - 
H H 1 1 " . i sl 
11.17. Rationalize the following result (Hint: Consider the answer to Exercise 6.25). Be the reacting л systems, do you expect this reaction to be symmetry 
о { | 
PW H,CrO, ДА. i 11.23. Draw the structure(s) of the major product(s) expected from each of the fol- 
il PA 750, H0? SS Í lowing reactions. Indicate the stereochemistry of the product as appropriate. Rela- 
i tive stereochemistry should be shown using wedges and dashed lines. If a racemic 


mixture will be formed, draw the structure of i wri 
11.18. Draw the structure of the alkene that would yield each of the following prod- { “racemic”, or draw both епаййбитейс es ee see гын 
: : А М . ed, draw 
uct mixtures upon ozonolysis followed by reductive workup: each structure; label meso compounds as such. If no reaction occurs, write NR 


a. b. | a. Б 


о о о H,C H;C— 
7^  Os0, t-BuOOH A 557 оен; 
вон он? с=с EON y 
i / \ 
H 


o 
| 1 I 
CH,—C—CH;— CH; —CH;—C—CH; and — CH,—CH,—C—H 
H 


11.19. Draw the products for each of the following reactions. Compare their stereo- 


oe 


| 
| 
| 
| 
| 


chemical outcomes with those from the analogous reactions of cyclohexene that с. а. 
were presented in Section 11.3e. 26 сысоун - 
_—— йы) 
— 
050, t-BuOOH | 2. H20; 
Л  tBuOH, OH^ x | 
i 
1 
1. MCPBA E e. " 
2. H,0* Y Í ph Ph 
s | H—cec—cH L—B— dn dh. 1.0, 
| \ Lindlar catalyst зно ^ 
11.20. A primary alkyl halide can be oxidized to the corresponding aldehyde by treat- | Ph 
ment with DMSO and sodium bicarbonate. The reaction is complete within 5 min H 
at 100°C. Propose a mechanism for the following reaction: i 
DMSO [ 
крсу ку суре —À See. CHO (71%) { Ha(1 atm) \ / OsO,, ether 
НСО; Г, А е COPHCEOH ^ с=с yao xo^ 
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11.24, An Noxide undergoes a reaction called the Cope elimination if the compound 
has a hydrogen atom attached to the B-carbon atom. Propose a mechanism for this 
process, which is a syn-elimination process similar to that of the Swern oxidation, 


-о 
H мсн) н сн 
32 RICOH Е —( +  (CH),NOH 
a s In. "E c qum D^ 
R R R R R R 


11.25. In the enzyme alcohol dehydrogenase, which is responsible for the oxidation 
of ethanol formed during the metabolism of glucose, NAD* reacts stereospecifi- 
cally in accepting a hydride ion from the alcohol. Thus, the following process takes 
place when 1,1-dideuterioethanol is the substrate: 


H D H 


n A. CONH: Š CONH, 
CH,—C—OH + | «= — сн,—с=о + | | 
| а | N 
a | d | 
R R 
1,1-Dideuterioethanol NAD* 1-Déuterioacetaldehyde NADH 


Based on this observation and on Figure 8.9, draw a picture of the alcohol dehy- 
drogenase active site, showing the spatial relationship between the substrate and 
the coenzyme. What is the configuration of the new stereogenic center in the di- 
hydropyridine product, NADH? 


11.26. Methanol is extremely poisonous because the product formed during its me- 
tabolism by the alcohol dehydrogenase enzyme (Exercise 11.25) is highly reactive 
toward many functional groups in other proteins. Draw the structure of the prod- 
uct and show the mechanistic steps that lead to its formation. 


11.27. Indicate all of the combinations of reagents and solvents described in this 
chapter that can be used to carry out the following oxidation reactions: 


" b. OH o 
NH; NO; 
LI = = 
CH; 
OH 


—À cho +  CH,CHO 
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FREE RADICAL REACTIONS 


12.1 FREE RADICAL HALOGENATION REACTIONS 

12.2 REDUCTION VIA RADICAL INTERMEDIATES 

12.3 FREE RADICAL ADDITION REACTIONS 

12.4 OXIDATION VIA RADICAL INTERMEDIATES 
CHAPTER SUMMARY 


Organic reactions that proceed via free radical intermediates are less common than the 
transformations that involve polar species. Nevertheless, many important industrial 
processes make use of radical chain reactions, particularly those used for the halo- 
genation, oxidation, and isomerization reactions of hydrocarbons. Furthermore, radi- 
cal processes underlie numerous atmospheric chemistry reactions, especiall ones 
implicated in the depletion of the protective ozone layer. Combustion аа апа 
key biochemical processes also proceed via radical intermediates. 

A carbon radical carries no charge, but it is highly reactive because it has only seven 


electrons, which is less than a stable Octet (Section 2.5 i i 
BÀ ue ( -5e). Radicals react predominantly 


* They abstract atoms, leading to substitution. 
* They undergo oxidation or reduction reactions. 
* They add to x bonds. 


: In this chapter, you will first learn the formalisms required to represent the mech- 
ле of chain reactions, which are common for radical processes. Then you will learn 
e ic transformations that take place via radical intermediates, which include sub- 

Оп reactions of hydrocarbons and their halo ivati iti 

; genated derivatives, and addi - 
actions of alkenes and alkynes. pd 
i The study of radical reactions constitutes a rapidly growing area of research as 
^ SP search for more selective and general ways of making molecules, especially 
nor with rings. The growing interest in radical species in biochemistry, especially 
SN еа Бу metal ions, has also heightened chemists’ interest in radical reac- 

: tne details about several biochemically im i i 
eve c portant radical reactions ar = 
sented in this chapter as well. dd 


12.1 FREE RADICAL HALOGENATION REACTIONS 


12.1а CHAIN REACTIONS COMPRISE THREE STEPS: INITIATION, 
E PROPAGATION, AND TERMINATION 
Я F first step of any radical reaction is initiation, which is commonly carried out using 
[2 UV light, or chemical reagents. The goal of initiation is to form at least one 
les that has unpaired electrons. Radical formation occurs by breaking a bond so 
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that each atom of a reagent X-Y retains one electron from that bond, a process known 
as homolysis, which is usually carried out by application of heat or UV light. For radi- 
cal reactions, we depict the movement of single electrons by using “fish hook” arrows, 


Homolysis x — + у 


Initiation can also be accomplished by treating a molecule with a reagent that has an 
unpaired electron, often a metal-containing species (М). 


mo хуу — мх + м 


The second stage of a chain reaction is propagation, which is a series of two or 
more steps that generate the product and regenerate a radical to continue the chain те- 
action. The actual steps depend on the reactants involved, and shortly these will be il- 
lustrated with specific examples. 

The final stage of a radical chain reaction, called termination, occurs whenever two 
radicals combine with each other and stop the propagation process. 


A 
we / + 2; 
bur 


Because radicals in a reaction mixture are normally present only in low concen- 
trations, the likelihood is much greater that they will collide with molecules of starting 
material than with other radicals. Termination steps therefore occur much less frequenily than 
propagation steps. This difference in rate allows the reaction to continue over and over, 
generating the product in good yield. 


— М —2 


12.16 THE CHLORINATION OF METHANE Occurs VIA 
A RADICAL CHAIN PROCESS 


Alkanes are notoriously unreactive compounds because they are nonpolar and lack 
functional groups at which reactions can take place. Free radical halogenation there- 
fore provides a method by which alkanes can be functionalized. A severe limitation of 
radical halogenation, however, is the number of similar С-Н bonds that are present in 
all but the simplest alkanes, so selective reactions are difficult to achieve, a fact to keep 
in mind as you study the following sections. 

The conversion of alcohols to alkyl halides (Section 7.1) is usually the best way to 
make alkyl halides. The electrophilic addition of HX (X =F, Cl, Br, and I) to alkenes is 
another viable route by which to prepare alkyl halides. Furthermore, the fluoride and io- 
dide derivatives can be made by addition reactions, but iodination and fluorination 
cannot be carried out by radical pathways. Iodine is too unreactive (see Exercise 12.2), 
and elemental fluorine reacts almost explosively with hydrocarbons. Fluorination of 
alkanes can be carried out by dilution of Fs with an inert gas such as helium, but special 
equipment is still required, so this transformation is not a routine laboratory procedure. 

The СІ-СІ bond of elemental chlorine undergoes homolysis when irradiated with 
UV light, and this process yields two chlorine atoms, also called chlorine radicals. This 
reaction constitutes the initiation step. 


Initiation step 


ж RE, hv 21 
Gë: ——— — —— 5 2:61: 
e çl (ultraviolet light) 2 e 
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12.1 Free Radical Halogenation Reactions 


In the propagation stage of methane chlorination, a chlorine radical abstracts a hy- 
drogen atom from methane to produce the methyl radical. The methyl radical in turn 
abstracts a chlorine atom from a chlorine molecule, and chloromethane is formed. 


The second step of propagation also regenerates a chlorine atom. These two steps re- 
peat many times until termination occurs. 


Propagation steps: 


й H 
ё: mXt—u — u—a + bn 
| © | 
H H 
Methyl radical 
H 
TR | 
акман с—н —> :Ck + с—с—н 
м [© | 
H 
Chloromethane 


Termination of this process takes place when a chlorine atom reacts with another 
chlorine atom to regenerate Cl». Or, a chlorine atom can react with a methyl radical to 
form chloromethane, which constitutes a minor pathway by which the product is made 


Two methyl radicals can also combine to produce ethane, a very minor byproduct of 
this reaction. 


Termination steps: 
ie H H H 
Kb Gk э @—@: н m нн 
| 
"M, hoa 


H 


= 


НУ | | 
a - —с— 
У, с н —э с—с—н 


r— 


H 


Chlorination of methane is plagued by the lack of selectivity, which becomes a 
parent as the reaction proceeds. As chloromethane is formed, its concentration in- 
ae Because СНЗСІ still has С-Н bonds, it can also undergo chlorination, forming 

ichloromethane. Eventually, the reaction mixture contains chloromethane, dichloro- 


е (methylene chloride), trichloromethane (chloroform ОГО: апе 
ae А | th: ( hl f ), and tetrachlorometh: 


cI 


2 CI Cl 
CH, > CHCl —; CHC —®э сна, —*> са, 
+ HCl + Hd + HCl "+ Hd 


As an industrial process, this multiple reaction sequence presents little difficulty 
COMM спо distillation can be used to separate the mixture into its components, 
ee which is marketable. In the laboratory, formation of a complex product mix- 

can be frustrating, both because byproducts lower the yield of the desired product 


and и кон bt 
A because it is difficult to quantitatively separate molecules with similar molecular 
eights or polarities. 
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EXERCISE 12.1 


Propose a mechanism for the free radical chlorination of chloromethane to produce 
dichloromethane. The initiation step comprises the homolysis of Clg to form chlorine 
atoms. 


12.1c BOND DISSOCIATION ENERGIES CAN BE USED TO CALCULATE OR 
ESTIMATE FREE ENERGY CHANGES OF RADICAL REACTIONS 


The polarity of a solvent does not have a large influence on the propagation steps of 
most radical reactions because the radical intermediates carry no charge. Furthermore, 
the numbers of radicals and molecules are often the same on each side of an equation, 
so entropy changes are minimal. As a result of these two effects, the free energy of re- 
action is approximately equal to the enthalpy of reaction: AG? = AH”. To determine 
whether a radical reaction is favorable becomes a matter of adding or subtracting ho- 
molytic bond dissociation energy (BDE) values, which are given in Tables 12.1 and 12.2. 


Table 12.1 Homolytic BDE values (kcal mol!) for bonds to heteroatoms. 


X= OH CI Br I Bond BDE 

X—X 51 58 46 36 F—F 37 
H—X 119 103 88 7i СНз Ё 108 
CH3;— X 91 84 70 56 H—NH; 103 
(1°)с— X 91 81 68 53 CH,— NH; 51 
(2°)с— X 80 68 51 H,C=CHCH,— Cl 69 
(3°)C— X 79 65 50 C,H;CH,— CI 70 
(Ух 112 97 82 H,C=CH— Cl 88 


Table 12.2 Homolytic BDE (kcal mol") for bonds to 
carbon and hydrogen. 


Bonds to hydrogen Bonds to carbon 
CH,—H 104 CH;— CH; 88 
(1)C—H 98 (1°)С— CH; 85 
(2°)C—H 95 (2°)C— CH; 84 
(3°)C—H 91 (3°)C— CH; 81 
CH,0—H 102 CH,0— CH; 81 
CsHs—H 112 CsHs— CH3 102 
CgHsCH,—H 70 CgHsCH,— CH; 72 
H;C—CHCH;—H 87 H;C—CHCH;— CH; 74 
H,C—CH—H 108 H,C=CH— CH; 97 

о о 
снн 86 ён а CH; 77 
CH;S—H 88 


1 
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1 
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12.1 Free Radical Halogenation Reactions 


The enthalpy change fora reaction can be calcul: e 
: ated by taking the sum of the BDE 
values tor the bonds being bi oken and ubtractin 
f | g br 5! g the BDE values of the bonds that are 


АН „= 2(BDE broken) = Z(BDE made) 
For chlorination of methane, the following equations show just such a calculation. The 


two propagation steps fi i $ ; В 
ee рав ps for this transformation, along with their BDE values, are given 


m Bc > ae + СНз AH* = BDE(CH3-H) – BDE(H-CI) = (104 - 103) kcal mol! 
3° + Cl? > CHCl + Cle AH? = BDE(CI-Ci) - BDE(CH;-CI) = (58 - 84) kcal mot! 
Ch + CH4 — HCI + CH3CI AH" = АН + AH; = -25 kcal mol"! 


pacing the energy values calculated for each step gives AH"... which equals -25 kcal 
mol". The values for the initiation and termination steps are not included i " m 
culation because there are normally hundreds or even thousands of round. of тора. 
gation steps for each initiation or termination event. Rd 
If АН? < 0, then AG? < 0; the reaction is product favored and proceeds as writt 
(Section 5.4). If AH? > 0, then AG? > 0; the reaction is reactant favored, and Proceed 


in the opposite direction Chlorination o methane is exotherm: 
i Я f 1 i i 
т ка с, Һепсе exergonic, so 


EXAMPLE 12.1 


Calculate the value of AH? for each of the propagation steps, as well as the overall re- 
Eo involved in free radical bromination of methane, CH, + Bro > CHsBr + НВ, 
€ propagation steps are the same as those for the chlorination of methane " 


—— 


First, write equations for the two i 
propagation steps and mak i 
overall process (the radical species should аи и 


Вг. + СНа- НВг + СНз. 
СНз» + Вг; —> CH3Br+ Вг. 
CH4 + Вг, 2 CH3Br+ НВг 


Next, tabulate the BDE values for each bond broken and made: 


Step 1: broken CH;-H (BDE = 104 kcal mol; 
made Н-Вг (ВРЕ = 88 kcal mol!) 


Step 2: broken Br-Br (BDE = 46 kcal mol); 
made  CHs-Br (BDE = 70 kcal mol!) 


i calculate 
rd, e val i 
Th d the AH | че of each step by subtr acting the BDE values of t 


Em 1: AH"; = ВЕ (CHs-H) - ВЕ (H-Br) = 104 — 88 = 16 kcal mol"! 
(ер 2: AH; = ВРЕ (Br-Br) - BDE (CHs-Br) = 46 — 70 = -24 kcal mol"! 


Finally, add the value of each step to obtain AH? wyn- 


APP xn = AH", + АН) = 16 kcal mol”! + (-24 kcal mol?) =-8 kcal mol"! 
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Nee ee nan 
EXERCISE 12.2 


Calculate the value of AH® for each of the propagation steps, as well as the overall re- 
action, involved in free radical iodination of methane, CH4 + I2 > CHsI + HI. What can 
you say about the feasibility of chlorination, bromination, and iodination of methane? 


12.19 CHLORINATION OF ALIPHATIC HYDROCARBONS OFTEN GENERATES 
ISOMERIC PRODUCTS 
The chlorination of ethane follows the same mechanism as that of methane chlorina- 


tion except that six hydrogen atoms are available to be substituted. Not surprisingly, an 
even more complex mixture can be formed when ethane reacts than when methane 


does. 

EXERCISE 12.3 
Draw structures for the possible mono, di, tri-, and tetrachlorinated ethane deriva- 
tives. Name each compound. 


When propane undergoes chlorination, reactivity differences between secondary 
and primary hydrogen atoms come into play. Looking only at monochlorinated prod- 
ucts, we see that there are two: 1-chloropropane and 2-chloropropane (products with 
more than one chlorine atom are also formed). 


н H H C н H н а 
\/ / \/ Xu 
—C H—C н H—C а —C а 
N/A № NA NA \7 
f FN Pe FN + ete. 
нс Н н—с Н н—с Н н—с Н 
i /\ ГАХ £X 
H H H H H H 
Y E 
Monosubstituted 


45:55 mixture 


EXERCISE 12.4 


From the BDE values given in Tables 12.1 and 12.2, calculate AH? for the following 
processes. 


a. Propane + Cl: > 1-propyl radical + HCl 
b. Propane + Cl > 2-propyl radical + HCl 
c. Propane + Cl; > 1-chloropropane + HCl 


d. Propane + Cl; > 2-chloropropane + HCl 


If the reactivity of 1° and 2° C-H bonds were identical, then the statistical ratio of 
1-chloropropane to 2-chloropropane should be 3:1 because there are six primary hy- 
drogen atoms, but only two secondary hydrogen atoms. The actual ratio of l-isomer (0 
2-isomer is 45:55, which tells us that the secondary hydrogen atoms must be more гё 
active. The ratio between the actual percentage of product obtained and the statistic 
amount of product expected can be used to calculate the reactivity ratio for the differ- 
ent types of hydrogen atoms in an alkane. Thus, for chlorination of an alkane, 


9° С-Н bond reactivity _ 5595/2H atoms _ 3.7 
1° С-Н bond reactivity 45%/6 Н atoms 


miniai EAA УШР 
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12.1 Free Radical Halogenation Reactions 


If you looked at the chlorinati i 
оша find, ination of a molecule with a tertiary C-H bond, you 


3° C-H bond reactivity 5 


1° C-H bond reactivity 1 


The reactivity of a 3° hydrogen atom is therefor i 

e even higher th @ 
gen о, Per тезине parallel the carbon-hydrogen bond en pee E dd 
kcal mol" for 1°, 2°, and 3° C-H bonds, respectively. The 3° hydrogen atom is the eas- 


iest to remove because ìt has the w nda 
eakest bond, ai 3 i i 
aie І Я 2 hydrogen atom is easier to re- 


i | i | 
im H aa and 8 189 бан 
| н | R 
104 kcal mol 98 kcal mol" 95 kcal mol" 91 kcal mot 


increasing reactivity toward free-radical chlorination 


uum» 


ust a 1 ility 
Just as you saw for carbocations, the stability of a radical increases in the order СН; < 
3 


1° < 2° < 3° asa result of stabilizati i 
Pe oct. ization by electron donation and hyperconjugation (Sec- 


increasing stability of the carbon radical 
= TET Ium 


Е ? radi 
d gene со the 2° radical forms more readily than the 1° radical, and this 
nts for the more than statistical amount of 2-chl | | 
s 1 огоргорапе obtained. 
E predic: the major product of a chlorination reaction, eu have to ake w ac- 
ee е number of hydrogen atoms and the reactivity ratios of the different 
types. Example 12.2 shows how a calculation of this type is done 


тт 


ЕХАМРІЕ 12.2 


Draw the structures of the monochloro pr oducts formed by the reaction between 

2 methylpropane and chlorine upon irradiation with ligh in Y i y 
| D UV gnt. Assumi ga eactivi 

Tatio of Т rilary versus primary bon- yi О: Wi Е 

5:1 for terti { р = саг! h drogen b nds, calculate what per 


——————— 


First, wri i i 
i ee d showing the structures of the products. 2-Methylpropane has 
H bonds, so there are only two monochloro products possible. 


CH; аа сн 
нс—с—н 29. нс с-н ii 
з + нс—с— 
D | 3 f сі + Hcl 
3 CH3 CH. 
3 
Substitution at a Substitution at 
primary carbon atom tertiary carbon atom 
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Figure 12.1 
Reaction coordinate 
diagrams for the first 
steps in the radical 
bromination (a.) and 
chlorination (b.) of 
methane.. 


Energy 


CHAPTER 12 Free Radical Reactions 


There are nine primary hydrogen atoms and only one tertiary hydrogen. The amount 
of each product is the number of those hydrogen atoms times the relative reactivity of 
each type. 


1° C-H: 9H x 1.0 = 9.0 3° C-H: 1H x 5.0 = 5.0 


The percentage of each isomer is its amount divided by the total amount of product, 
multiplied by 100. In this example, the relative amounts, as calculated directly above, 
are 9.0 and 5.0; therefore the total amount is 14.0. Dividing each amount by the total 
and multiplying by 100 gives the percentage of each product. 


% 1-Chloro-2-methylpropane: [9.0/ (14.0)] x 100 = 64% 
% 2-Chloro-2-methylpropane: [5.0/ (14.0)] x 100 = 36% 


The major product is 1-chloro-2-methylpropane. 


Ls 
EXERCISE 12.5 

Assuming reactivity ratios of 5:3.7:1 for tertiary, secondary, and primary carbon- 

hydrogen bonds, respectively, what are the structures and expected percentages of 

monochloro products that will be formed when 2-methylhexane and chlorine are irra- 

diated with UV light? Which is the major product? 

is 


12.1е BROMINATION OF AN ALKANE 15 MORE SELECTIVE 
THAN 15 CHLORINATION 

The reaction of an alkane with bromine radicals occurs in the same way as with chlo- 
rine radicals, but bonds with bromine are generally weaker than those with chlorine 
(Table 12.1). As a result, the enthalpy change for the first step in the bromination re- 
action of methane (Example 12.1) is significantly more endothermic than the corre- 
sponding step in chlorination (section 12.1c). These data are presented graphically in 
Figure 12.1. 


Br: + CH4 — HBr + СНз" +16 kcal mol! Cle + CH4 — НСІ + CH; + 1kcal mot! 
СНз» + Br? э CH3Br + Br* -24 kcal mol! CH3: + Cl; CH3Cl + Cl- -26 kcal mol! 
CH4+ Br? ә CH3Br+HBr -8 kcal mol" CHa + Cl; > CH3Cl+HC! -25 kcal mol 


= 16kcal/ mol" 
HCl + -CH, 


uu ШШ Va = 1kcal/ mol 


Reaction coordinate Reaction coordinate 
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12.1 Free Radical Halogenation Reactions 


For these first propagation steps in each process, the Hammond postulate (Secti 
6.2c) can tell us something about their transition states. For bromatan the t uin 
state will have a structure that is similar to that of the methyl radical; that is the CH 
bond will be long and weak (below, a.), and the unpaired electron will be ыссы! d 
more with the carbon atom than with the hydrogen atom. For chlorination, i hich 
the energy of the radical intermediate differs little from that of the startin: ebd 
the transition state will have a structure in which the hydrogen atom is ae 


equally (below, b.), and th i А А r 
M ТОР. e unpaired electron is more closely associated with the hy- 


a. b. 


x t 
[p ^ — ex [o у 


Тһе significance of these structures for the halogenation of alkanes other th 
methane is this: For bromination, the transition state resembles the struct Е f he 
alkyl radical, so if more than one radical intermediate is possible, the aie a ud 
ing to the more stable radical will have a lower free energy of аа pe id ih i 
product formed from that radical will predominate. For chlorination. honore he 
structure of the intermediate radical has less influence on the structure of th is 
tion state, so the free energies of activation will differ by smaller amounts and differ. 

n - 


entiation of the rates leadi i i 
"REN ading to multiple products will be less. The overall consequence 


Free radical bromination occurs more selectively than does chlorination 


Experimental evidence validates this statement; for example 
А 


cl 
/ 


45:55 2: 


The reacti i i 
action of a tertiary C-H bond is even more selective, The reactivity ratios 


(Section 12.1 inati inati 
oa d) of chlorination versus bromination are summarized in the following 


Chlorination of alkanes Bromination of alkanes 
TM 2*C—H  3*C—H 1*C—H  2*C—H  3*C—H 
B 3.7 : 5 1 : 100 : 2000 


занн але inet OMNE c 


e E uns selectivity toward different types of C-H bonds, continued re- 
me on to produce di- and tribrominated species occurs more slowly than 
Ination step, so the degree of substitution i inati i 
о i in bromin: i 
TM easily controlled than in chlorination. Мином 
o Н : . 
oa сач the major product of a free radical bromination reaction you can as- 
asonably that substitution of a tertiary hydrogen atom will predominate. If 


ПО tertiary С-Н bond i 
ond is presen: ituti К 
Preferentially P t, then substitution at 2? carbon atoms will occur 


sum 
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Brz} Av 
CH, ——3À 


12.1f N-BROMOSUCCINIMIDE PROVIDES A LOW CONCENTRATION OF 
BROMINE FOR THE FREE RADICAL REACTIONS OF ALLYLIC AND 
BENZYLIC SUBSTRATES 


The free radical bromination of hydrocarbons is not done routinely in the laboratory 
unless the molecule is highly symmetrical. 


КЕ НУС 
Br; ен Вг; мез 
hv / "CH, hv / "CHjBr 

HC HC 


2° С-Н Bonds only 1° C-H Bonds only 


Benzylic bromides, on the other hand, are often prepared by a free radical path- 
way, because the benzylic radical is highly stabilized and readily formed. Unless reactive 
functional groups are present, elemental bromine is used. 


CH; CH;Br CH3 CHBr 
Br; 2 Br; 
aS —— P 
O hv O hy Cx 
cl cl CH; CH;Br 


Another reagent that can be used to brominate benzylic substrates is N-bromo- 
succinimide, abbreviated NBS. The reaction is normally initiated using benzoyl peroxide 
(СБН5СОО) and heat. 


CH; CH;Br 
NBS, CCl 
(C H;COO); 
A 


Benzoyl peroxide has a weak О-О bond with a BDE of ~ 50 kcal mol-!. Upon heat- 
ing, benzoyl peroxide homolyzes to generate 2 equiv of the benzoyloxy radical, which 
can subsequently lose carbon dioxide to produce the phenyl radical. 


о о 

о-, А, 80°С OKO: i 
Cc — 2 ———À 2 + 2C; 
CO © (Ө) 


i 
о 


Either radical can react with bromine, which is formed from NBS and acid. Formation 
of the phenyl radical, as shown above, plus the two reactions that follow constitute the 
initiation phase and create bromine radicals. 


| 
| 
| 
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| 
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12.1 Free Radical Halogenation Reactions 373 
О о 
= + St 67 
йл en, М-Н + Br—Br Су + вг-СВг ——> CY. Br: 
[9] о 
NBS Succinimide 


The bromine radical then Participates as described in Section 12.1e, abstracting a 
hydrogen atom from the hydrocarbon and forming HBr. This liberated HBr reacts a 
NBS to generate more bromine, a process that amounts to slow release of bromine. As 
a result, only a low concentration of Bro is present at any time. | 


“=, енн 


/ CH; 
Br + СУ @ СУ + H—Br 


HBr + NBS —> Succinimide + Br, 


Ж» 
CH; У CHBr 
+ вг--Вг = O + Br 


NBromosuccinimide bromination works well fo: 
occurs at a C-H bond alpha to the double bond. 


NBS, CH,Cl, H 
а y 
(PhCOO),, A Br 


Racemic 


т allylic systems, too. Bromination 


You might also ex 
but the radical b 
the reagent. 


The propensity of benzylic and allylic substr. i 
H р ; 
Beg оғъед у ates to undergo free radical substitu- 


pect the double bond to undergo electrophilic addition with bromine 
romination reaction occurs faster than addition when NBS is used as 


What is the m г Y of the fo owing reac- 
: ajor monobromo P: oduct(s) expected from each i 

i ll € 
tions? Show its stereochemistr у, too. 


gu b. 


» E Wow NBS, CHCl; 
——À à 5 —— 1 5 
(PhCOO), А {PhCOO),, A 
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12.2 REDUCTION VIA RADICAL INTERMEDIATES 


12.2a BENzYLIC SUBSTRATES READILY UNDERGO HYDROGENOLYSIS 

The addition of hydrogen to the п bond of an alkene or alkyne is called hydrogenation 
(Section 11.2a). Addition of hydrogen to a sigma bond is called hydrogenolysis, and it 
occurs via radical intermediates when benzylic halides, alcohols, ar | ethers are the re- 
actants because the C-X bond (X = Cl, Br, I, OH, or OR) is relative v weak. Formation 
of the resonance-stabilized benzyl radical permits the bond to bre 1k readily. The car- 
bon-oxygen bond of a nonbenzylic 1°, 2°, or 3° alcohol or ether is not cleaved under 
hydrogenolysis conditions. 

The catalysts used for hydrogenolysis are the same as those used for hydrogena- 
tion, and hydrogen gas is a reactant, although it is adsorbed л the metal surface as 
atoms (see Fig. 11.2.) To depict the mechanism, we use the symbol Pd///{H} to indicate 
hydrogen atoms adsorbed on the surface of palladium. 


„тты. 
d ^ {Hl 
( У-9- аин. € У, + R—O—H 
[7 тайин} 
cu! 219, CH, 


Examples of this reaction are numerous, and yields are generally high. 


Pd/C 
B 
(9 OH Row, samh; C 7-9 (100%) 
ie E Nd 
oo Paes 
eg EIOH, 3 atm Н; O + HO (100%) 


| EXERCISE 12.8 


Draw the structure of the major product expected from the following reaction: 


о Pd/C 


? 6, 
CH,COOH,3atmH; | (72%) 


12.2b DESULFURIZATION Is CARRIED Our UsiNG RANEY NICKEL 


Carbon-sulfur bonds are also readily cleaved via formation of radical intermediates. A 
common way to replace sulfur with hydrogen—desulfurization—is by treating the sub- 
strate with Raney nickel, prepared by allowing an alloy of aluminum and nickel to 
react with sodium hydroxide solution. The aluminum dissolves, forming hydrogen gas. 
which is adsorbed as H atoms on the surface of the nickel (see Fig. 11.2). 


2Al + 6NaOH —> 2NajAIO, + ЗН, 


Alloyed with nickel Adsorbed on nickel 


12.2 Reduction via Radical Intermediates 


Organic sulfides, thiols, and their selenium analo i i 
: А gues react with Raney nickel to 
form the corresponding alkanes and hydrogen sulfide (or hydrogen eae. 


RE 
CH3CH,CH,—S—CH,CH,CH, 218 nickel 2 CHCH,CH, + H:S 


Desulfurization likely involves radical intermediates, although the exact mechanism is 
not certain. The symbol Ni/(H] is used to indicate hydrogen adsorbed on Ni. 


e 
E. СИНИЕ " uw 
J © cH КЎН — 9 R—H + -S—H 
pem 
(Nien te a 
R—S: > R—S—H &—н Ni {H} 
© Е 5 H—S—H 


Incidentally, Raney nickel, under an atmosph 
А phere of hydrogen gas, i 
of Pd/C to hydrogenate alkenes and alkynes. ла 


ERCISE 12.9. 


What are the products expected from the reaction be 
the following compounds? 


tween Raney nickel and each of 


a. b. 
CH; 


s реч 
ee 


12.2c AN ALKYNE Is REDUCED BY AN ALKAI METAL 
IN LIQUID AMMONIA 


Eo 12.22 and 12.2b have illustrated that radicals are involved in reduction 
ke Ee E Шиг on solid catalyst surfaces via one-electron changes. A reduction 
at occurs by transfer of electrons in a homoge: ion isi 
the conversion of an alkyne to an alkene. ла 
ae have already learned that an alkyne can be reduced to a cis-alkene using а poi- 
Я catalyst (Section 11.2b) or via hydroboration and protonolysis (Section 9.4d) 

ee nan alkyne is added to a solution of sodium or lithium metal dissolved in liquid 
: monia, reduction also takes place, but the product is a trans-alkene. The reaction 

Proceeds by a series of electron- and proton-transfer steps. 


kali metal dissolves in liqui i 
: s 
An aj | 1 qu а ammor па, forming a blue solution that contains 


Na + xNH, —> Nat + [e NH;), 


Electron solvated by 
ammonia molecules 
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These electrons can add to the antibonding л* MO of an alkyne to generate a radical- 
anion intermediate, which has one unpaired electron and carries a negative charge. 


> R—C=C—R 


~ 


e- 
D 


Vinyl radical anion 


А radical anion is a base because it is also a carbanion, so it reacts with a proton source, 
which is often added to the ammonia in the guise of ethanol or tert-butyl alcohol. Am- 
monia itself will function as a proton donor if no other is added. This step yields a vinyl 
radical. 


ae ‘ort В z 
в—©—ё—а > п—с=ё—а + BO 
© 


H 


In the third step, the radical accepts another electron from solution, forming a car- 
banion. 


f 8978 


R—-C=C—R ——> АС 
| G | 
H 


Finally, the vinyl carbanion is protonated to generate the product, an alkene. 


H 


N fs 
"i H-Loet | M 
R f C—R > R i C—R + EtO 


H 


@ 


A 


The product of this transformation, which is called a dissolving metal reduction, is 
normally the trans-alkene because protonation occurs from the side of the double 
bond that minimizes nonbonded steric interactions between the R groups. 

H CH;CH;CH; 
Na 
CH;CH;CH;— С==С — CH;CH;CH; NH, = 33°C” е (80-90%) 
CH,CH,CH, H 


EXERCISE 12.10 


What product is expected from reduction of 2-hexyne with sodium in liquid ammonia 
containing a small amount of tert-butyl alcohol. 
——————————————————— ÀÓÀ 


12.2d TRIALKYLTIN HYDRIDE REAGENTS CONVERT ORGANOHALIDES 
TO THE CORRESPONDING HYDROCARBONS 


A significant development in the organic chemistry of radicals during the past 20 years 
has been the use of tributyltin hydride as a reagent to generate specific carbon 
centered radicals within a molecule. As with all reactions that take place by formation 
of radicals, the first stage is initiation, which is a two-step process. Heating azobis (isobu- 
tyronitrile), AIBN, causes it to homolyze and form molecular nitrogen and the 2-cyano 
2-propyl radical. This radical in turn reacts with the tin hydride reagent to produce the 
tributyltin radical. 


TET SEU Cnt ee 


PEN ESTIMA tomen 
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Initiation 
i PN CN 
ху 
CHEN D ESL. WP CH, + №, 
Ф | 
CH; CH; CH; 
AIBN 
p CN 
CH,—C' + Визѕп--н ——— CH, Ви + Виз$п- 
(2) 
CH; CH; 


In the propagation stage, the tributyltin radical removes a halogen atom from an 
organohalide, which generates a carbon-centered radical. In the second propagation 
step, this carbon radical abstracts a hydrogen atom from tributyltin hydride, which 
yields a С-Н bond and regenerates the tributyltin radical. 


Propagation 
fo 
Buj$n + А-Х Bu;SnX + R 


Lm " 
к + HY пви, —> АН + -SnBu; 
| 


@) and © constitute a chain reaction. 


This chain reaction provides a convenient wa: Я 
t y to convert an organohalid S 
responding hydrocarbon (R-X > R-H). nohalide to the cor 


Termination occurs when any two radicals recombi ne; three possibil ties for S 
ut ine; 1 th 
y P 1 f 1 


Termination steps 


rf +R — R—R 


"T 


+ 'SnBu, — > R—SnBu; 


(^ 
BujSn: + neu; —— Bu;Sn—SnBu, 


A the reaction between an organohalide molecule and the tributyltin radical, an 
T. n E is more easily transferred than a bromine atom, a phenylselenide group. 
orine atom. Ifa choice exists, therefore, an organobromide or iodide is selected 


35 the substrate. Or i 
- Organofluorine compounds do not react with tri i i 
E these conte р with tributyltin hydride 


X= I Br PhSe cl 


decreasing reactivity of R—X toward Bu;Sn: 


> 
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Substrate reactivity follows the expected order, namely, that the more stable radi- 
cals are formed faster in the first propagation step (allyl, benzyl > 3° > 2° > 1° > vinyl, 
aryl). In the second propagation step, a more stable radical reacts more slowly; an al- 
lylic radical, for example, reacts slower than a vinyl radical with tributyltin hydride. For 
the overall reaction between an organohalide and tributyltin hydride, substitution js 
facile no matter what the structure of the substrate is, so this procedure is an excellent 
way to replace a halogen atom with hydrogen. 


EXERCISE 12.11 


What is the expected product from each of the following reactions? 


m 
= 


12.3 FREE RADICAL ADDITION REACTIONS 


12.3a HYDROGEN BROMIDE ADDS TO ALKENES VIA A RADICAL 
PATHWAY AND WITH APPARENT ANTI-MARKOVNIKOV 
REGIOCHEMISTRY 
In Section 9.1b, you learned that HBr adds to an alkene by a polar mechanism that 
leads to formation of a product with the hydrogen atom attached to the end of the x 
bond with more hydrogen atoms. During the 1920s, many studies reported that the de- 
gree of Markovnikov regiochemistry varied substantially during addition reactions be- 
tween alkenes and HBr. Professors Kharasch and Mayo, at the University of Chicago, 
ultimately discovered that formation of the anti-Markounikou product resulted from a com- 
pletely different mechanism—radical addition of HBr to the t bond. 

Certain alkenes react readily with oxygen in the air to form peroxide impurities. 
Peroxides, especially when heated, homolyze to form alkoxy radicals that can initiate 
radical reactions. When HBr is present along with a radical initiator, hydrogen atom ab- 
straction generates a bromine radical. 


roLor $, 2 RO 
J 


An organic peroxide 


f= 
RO: + Ho Br =y ROH + Br 
4 


The bromine radical could conceivably remove an allylic hydrogen atom, but this step 
simply regenerates HBr. 


H H 
Big + Ze == HBr + aA 
H H H 


Instead, the bromine atom adds to the double bond, creating a carbon-centered radi- 
cal. This radical subsequently abstracts a hydrogen atom from HBr and regenerates the 
bromine radical. These two steps constitute the propagation stage. 


Е 
Ё 


12.3 Free Radical Addition Reactions 
H H 
i | 
Brot 7 — € 
к NCh, © v SE “ен, вг 
| " 
ADEM HÍBr > c 
Nun Уе DERE 


Termination occurs, as always, when any two radicals combine and Stops the chain 
reaction. 


XERCISE 12.12 


Write out the various termination steps that are possible in the foregoing discussion of 
the HBr addition reaction. 


If you look at the intermediates formed by addition of HBr to l-pentene, you can 
see why the “anti-Markovnikov” regiochemistry is observed. 


Electrophilic addition 
H 
Ht Р UN 
Ho c 
К ай. ua 
CH, CH, “ен, 


More stable 2° carbocation formed 


Radical addition 
H 


| 

CH, C 

P diio ый 
сӣ, “ей, “ен,вг 


Вг. 


More stable 2° radical formed 


It is not because a less stable carbocation has somehow been generated. In the polar 
mechanism, the т bond reacts with an electrophile, which is H*. In the radical mecha- 
nism, the 7 bond reacts with a radical, Br-. The fact that a different atom is the first one 
to react with the x bond under each set of conditions means that the regiochemistry of 
the product appears reversed. For each transformation, the intermediate that forms is the more 
stable of the two possibilities. 

Hydrogen chloride and hydrogen iodide do not undergo radical addition to 
alkenes. The H-Cl bond is the strongest among these three hydrogen-halogen bohds, 
m homolysis is slow. Hydrogen iodide forms radicals readily, but addition of I- is en- 

othermic, and the chain reaction needed for propagation cannot be sustained. 


XERCISE 12.13 


E that the bond energy for a typical x bond is 65 kcal mol", calculate the value of AH? 
r the following three processes, and represent them on a reaction coordinate diagram. 


RCH=CH, + Ck === RCH—CH,CI 


RCH—CH; + Br. == RCH—CH,Br 
RCH=CH, + I == RCH—CH,I 


__ еа... 
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12.3b ADDITION OF AN ALKYL RADICAL TO AN ALKENE PROVIDES 
A GENERAL METHOD FOR THE PREPARATION OF POLYMERS 


Hydrogen bromide is not the only species that adds to alkenes by a radical mechanism, 
Carbon-centered radicals, like their carbocation analogues (Section 9.3) also add to x 
bonds to form polymers and rings. 

The initiation step for radical polymerization processes is normally carried out 
using benzoyl peroxide or AIBN. 


Benzoy! peroxide 


Any of these radicals can add to the л bond of an alkene—ethylene in the following ex- 
ample—to form an alkyl radical. 


€ \-c00 H,C-=CH, —> {_у—соо—с—ён, 


The alkyl radical subsequently adds to a second molecule of the alkene, and the process 
repeats many times. Polymerization is terminated when any two radicals combine. 


(5 COO—CH,—CH, \ H,C=CH, —> ( \-coo—cr,—ct os en 


Styrene is another monomer that can be polymerized by a radical mechanism, and 
it yields polystyrene, a polymer used to make Styrofoam drink cups and related materials. 


et 8 
on (PhCOO), i 


Styrene Polystyrene 


Chloroethylene (vinyl chloride) and acrylonitrile are other molecules commonly poly- 
merized by radical methods. They form materials that you encounter routinely: 
poly(vinyl chloride), or PVC, is used in food wraps at the grocery store and in plumbing 
in most new homes; and poly(acrylonitrile) is used to make carpet fibers such as Orlon. 


n 


с cd cl CN CN CN 


Chloroethylene PVC Acrylonitrile Poly(acrylonitrile) 


Radical polymerization is more commonly used than the processes that occur via 
carbocations (Section 9.3b) because stabilization of the reactive intermediates is more 
facile when radicals are involved. For example, primary radicals can be formed readily. 
whereas primary carbocations do not exist under normal conditions. Additional as- 
pects of radical polymerization processes will be discussed in Section 26.2c. 


12.3 Free Radical Addition Reactions 


XERCISE 12.14 


Show the first three steps of the polymerization of Styrene that makes use of AIBN to 
jnitiate the reaction (Section 12.2d). 


12.3c THE 5-HEXENYL RADICAL ILLUSTRATES A TYPICAL CYCLIZATION 
PROCESS THAT Occurs WITH UNSATURATED ALKYL RADICALS 
When a radical is generated within a molecule that also has unsaturation, a ring, rather 


than a polymer, is formed. For example, 6-bromo-1-hexene forms methylcyclopentane 
when treated with tributyltin hydride in the presence of AIBN as an initiator, 


BF р ™ Bu,SnH 
Ge вг — CH; + Виу5пВг 


AIBN, д 


The initiation step generates the 2-cyanopropyl radical (Section 12.2d), which is rela- 
tively stable and does not itself undergo addition to т bonds. This radical does react 
with tributyltin hydride to produce the tributyltin radical. 


Initiation 
HG 9 CH; "s 
NC a NSN ON 25 2NC—C + N 
© 
HaC CH; Um 
CH; _ сн, сн, CHaHy 
NC fi / НЯ P сн» si NC 7 H +  *Sn—C,Hy 
- 2 ` | 
CH; сн, CH; CH4Hy 


Next, the tin radical removes the halogen atom from 6-bromo-l-hexene, generating a 
primary radical. 


Га дь, 


AYN Ope s+ Br—snBu, 


© 


: There are two pathways possible for further reaction. The first is the one described 
in Section 12.2d: the 5-hexenyl radical reacts with tributyltin hydride to form the 
hydrocarbon. 


AN Hs + ssnBu, 


The other available pathway is cyclization, which involves the electrons in the 
alkene т bond. This addition process generates a different primary radical. 


CH, 
iu. С AN 
ле у нс” “ен 
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This cyclized radical then reacts with tributyltin hydride, yielding the saturated cyclic hy- 
drocarbon and regenerating the tributyltin radical to propagate the chain reaction, 


E ү» 


Lh 7а сн 
He” Bu Henu нс“ Bus + -SnBu, 
H,C—CH, H;C— CH; 


The regiochemistry of the ring-forming step is contrary to what you might expect: 
The less stable radical is formed. The other mode of addition, which produces a six- 
membered ring, generates the more stable secondary radical. 


dC 


pM CH CH; 
(сн ie нс“ Sen, ы, нәс“ “сн, 
сњ а “| = к 
Е НС. „Сн, НС. „СН 
CH, CH; 


Yet the methylcyclopentane product is formed in a ratio of ~ 50:1 relative to the 
amount of cyclohexane product. There are several theories to explain why the five- 
membered ring product predominates, but none is satisfactory, so we will simply make 
use of the empirical results. In the competitive reactions to make other ring sizes, for- 
mation of a six-membered ring is more facile than formation of a seven-membered 
ring, and a five-membered ring is formed in preference to a four-membered ring. 

When a radical is formed in a molecule with a т bond, a competition exists be- 
tween reduction (reaction of the radical intermediate with additional tin hydride 
reagent) and cyclization (reaction of the intermediate radical with the л bond). In- 
creasing the concentration of tributyltin hydride favors reduction, so it is often possi- 
ble to obtain more cyclic product simply by using less of the tin hydride reagent. 


EXERCISE 12.15 
What is the expected major product of the following reaction under conditions that 
favor cyclization? Show the mechanism by which it proceeds. 


Br 


PN Ксы > 
N двд 


12.4 OXIDATION VIA RADICAL INTERMEDIATES 


12.4a MOLECULAR OXYGEN Is THE PRECURSOR 
OF OTHER RADICAL SPECIES 
As noted in Section 11.3a, molecular oxygen exists as a diradical molecule instead of 
having all of its nonbonded electrons paired. It undergoes reduction to form the su- 
peroxide ion, Оз”, which is a radical anion. Two-electron reduction of oxygen, or one- 
electron reduction of superoxide ion, leads to formation of the peroxide ion, Os?-. 
TS x .. Б = Е РЕ 
öö E 3 6 =" :9—8: 


Molecular oxygen Superoxide ion Peroxide ion 


12.4 Oxidation via Radical Intermediates 


Peroxide ion is a good base, and it reacts with acids to fo; 
the related benzoyl peroxide (Section 12.1f), hydrogen p 
under certain conditions to generate the hydroxyl radica| 
reactant. 


rm hydrogen peroxide. Like 
eroxide undergoes homolysis 
1, a potent and indiscriminant 


i a 
:0—6F in rc me A 
VM — —2 :0—0H ——t_, нӧ—ӧн 


Peroxide ion Hydroperoxide ion Hydrogen peroxide 


АШ 
HOT-OH — ——— 2нӧ: 


cJ 
Hydrogen i 
peroxide Hydroxyl radical 


HC о В = , нс j 3 
Oc 3 O° + HO; —> Further reactions 


BHT 


ud analy, os have evolved to eliminate these species from our systems. In 
» Superoxide dismutase converts superoxide ion i ; 

pero: n into hydrogen peroxide and oxy- 

gen. Catalase converts hydrogen peroxide into oxygen and жы Р 19 


superoxide dismutase 


20; ig 
2 + 2He ——————+ 0, + не, 


catalase 


24,0, —————À—— —5 O, + 2H,0 


E kn oues of oxygen and its reduced derivatives are harmful, however. Na- 
ep x ese radicals to Insert Oxygen atoms into the carbon skeletons of organic 
es. Section 12.4c describes an important biosynthetic process of this type 


12.4b METAL lo 
: NS ARE USED TO GENERATE RA 
DICAL INTER 
IN BIOLOGICAL SYSTEMS 5 


When H rH n + . я 
E _ n de is required in biochemical systems to induce a chemical reaction 
stabilized or it will react indiscriminately. Stabilization commonly occurs by 


bound b i 
an enzyme in the pre: i i is form. 
3 y ТАША. presence of its substrate molecule. A Co(II) ion is formed 
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HO OH HO OH I These compounds have significant physiologic activity, mediating inflammatory re- 


| 5 Ар E 
Co(III) N NH, NH, : time and near where they are generated. (True hormones travel in the bloodstream to 
ko = the sites of their activity.) 
Corrin ring I The enzymatic oxidation ste 


Iron and copper ions are also used to generate and to stabilize radicals. Oxo ў е that catalyz ; : : 

: DRE PONE. es this proce: tagla: i 
groups attached to metal ions in high oxidation states can abstract a hydrogen atom E ur Y may be ы E DE eni res n dnd d s e rad 
from carbon in a substrate molecule. The subsequently formed organic radical reacts { Fe-O-O or Fe-O-OH. If the | : : with Өз, which gen- 
with the attached hydroxyl group to produce an alcohol сае =е- FeO. o, po Uer is formed, it may undergo О-О bond 

: $ homolysis to produce Fe-O- or HO.. In any event, a radical initiator is created in the 
| enzyme active site, and abstraction of ап allylic hydrogen atom starts the process, 
Fe=0 im, 9 Fe—OH + -Cm 
| == = COOH 


12.4с ALLYLIC OXIDATION GENERATES POTENT 
PHYSIOLOGICALLY ACTIVE COMPOUNDS 

The ease with which allylic carbon-hydrogen bonds undergo substitution (Section 
12.1f) by radical pathways is reflected in the facility of allylic oxidation Processes in bio- 
chemical systems. Unsaturated fatty acids, which have long hydrocarbon chains, con- 
stitute a ubiquitous class of naturally occurring alkenes. The allylic oxidation reactions 
of arachidonic acid illustrate some important biochemical transformations that take 
place by radical intermediates. 


In the next step, molecular oxygen reacts with the allylic radical to generate an alkyl- 
preroxy radical. 


eae | | р Е с. 
T © : 
Еа "— i О. 

Е Ч б ус 


Oxidation of arachidonic acid produces several eicosanoids that are prostaglandins 0—0 
(PG), thromboxanes (Tx), or leukotrienes (LT). (“Eicosanoid” is from the Greek X CAT 
eikosi meaning 20; each contains 20 carbon atoms.) For example, 


= COOH 


Arachidonic acid 


но 
2 UM 7^7 COOH 
Ы d HO 
HO OH VT ч à 
PGF, TxB, 4 pu | 
í COOH | ° 21 = COOH 
А О “ч. Оза 5,4 __ 
OH OH А о == 


pu» COOH 
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Notice that the substrate at this point has a structure that is analogous to the A-hexenyl tad- 
ical. As you learned in Section 12.3c, such systems cyclize to produce a five-membered ring. 


5-hexenyl radica! Cyclopentylmethyl radical 


After cyclization, the newly formed secondary radical reacts with another equivalent of 
oxygen, producing a peroxy radical. 


Finally, the peroxy radical abstracts a hydrogen atom from the initiating group to form 
a neutral molecule with both hydroperoxide and peroxide groups. 


As seen earlier in this chapter, О-О bonds are weak, on the order of 50 kcal mol! 
(Table 12.1). Further elaboration of the cyclized product is therefore expected. M 
out going through details of the various transformations, you can see that reduction 4 
the hydroperoxide group gives РСН». Then a series of reduction, oxidation, and/o 
elimination steps can yield other prostaglandin molecules. 


12.4 Oxidation via Radical Intermediates 


Ho 
а Na NS Cy 
HO OH 


PGF,, PGE, 


12.4d ENEDIYNES ARE POTENT ANTICANCER Drugs THAT FORM 
DIRADICAL SPECIES THAT CAN CLEAvE DNA 


In 1987, à compound called calicheamicin Ул! was isolated and characterized. Re- 
searchers were interested in its potent antitumor activity, which was considered promis- 
ing for developing a new drug to treat cancer. Subsequent studies also focused on the 
unusual enediyne functionality in its 10-membered ring. Soon, several other reports of 
enediyne natural products appeared in the literature. 


Trisulfide acts as an 
activator for the 
Bergman cyclization. 


Calicheamicin y,! 


Sugar portion 
binds to DNA. 
Enediyne portion creates a diradical 
when activated, cleaving DNA. 


Enediynes were not especially novel substances in 1987. They had been synthesized 
many years previously, and in 1972, Professor Robert Bergman, then at the California 
Institute of Technology, had shown that 3-hexene-1,5-diyne undergoes cyclization to 
form 1,4dehydrobenzene, a diradical. Performing the reaction in the presence of a hy- 
drogen atom donor led to the isolation of benzene in quantitative yield. 


Pd i 
H CA H € H H c H 
Se VN — Ne N^ эн. ЕИ ki 
c » NP. C. uc 
H^ су H^ “2 ^u HT Nc” ^u 
c | 
H H 


The idea that calicheamicin and related compounds might function to cleave DNA 
у formation of a benzene diradical directed further research into its mechanism of ac- 
Чоп. A less complex molecule that reacts much the same as calicheamicin was prepared 


ture, i 6,7-bis( hydroxymethyl)cyclodeca-1-ene-3,9-diyne undergoes the Bergman cy- 
lization at 37°C and cleaves DNA by abstracting two hydrogen atoms from the nucleic 
acid backbone, which then reacts with molecular oxygen and causes bond cleavage. 
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DNA 


= ^ 
OH 37°C OH OH 
—————À 
OH OH OH 
== * 


Cleaved DNA 


From the results of many studies, an understanding of the mechanism of action for 
calicheamicin soon evolved. The unusual trisulfide group is susceptible to reaction 
with nucleophiles that are present in cells, and this reaction leads to formation ofa thi- 
olate ion, itself a good nucleophile (Table 6.3). 


“sugar 


C undergoes a change in hybridization. 


The thiolate ion then undergoes reaction with the o; -unsaturated ketone portion, 
by what is called conjugate addition, a reaction discussed in Chapter 24. The important 
aspect of this reaction is the change of hybridization at the carbon atom B to the car- 
bonyl group (shown in color in the preceding equation). The net effect is to bring the 
two ends of the enediyne m system together, from ~ 3.6 to ~ 3.2 A. When the ends are 
closer, the Bergman cyclization can occur to generate the diradical, which in turn ab- 
stracts hydrogen atoms from DNA, leading to strand cleavage. 


DNA 


RT ©. DNA double-strand 
DNA diradical —— cleavage 


The trisulfide group acts as an activator for this reaction, allowing the enediyne 
unit to exist as a stable entity until the substrate interacts with DNA. Subsequent work 
aimed at developing enediynes as efficacious antitumor drugs has focused on synthe- 
sizing compounds that also require an activation step so that the Bergman cyclization 
does not occur until the drug has interacted with DNA. 


EXERCISE 12.16 


The compound shown below is stable toward Bergman cyclization up to 100*C, even 
though the distance between the ends of the enediyne unit is quite short. Expla 
(Hint: Consider what the transition state would look like based on the mechanism О 
ring closure.) 


CH; — C=C 
| , ^н 
N А 1 
H 
o “сн,—С=с^ 
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Section 12.1 Free radical halogenation reactions 


e А carbon radical is a neutral, reactive species with seven electrons around 
carbon. 


A radical chain reaction has three stages: initiation, propagation, and 
termination. 


Free radical chlorination of methane and other alkanes results in substitution of 
a hydrogen atom by a chlorine atom. Ultraviolet light initiates the reaction. 
Values of the bond dissociation energy (BDE) can be used to estimate AH? (en- 


thalpy change) ofa reaction, which for radical processes is approximately equal 
to АС? (the standard free energy change) for the reaction. 


• For the radical halogenation process, the relative reactivity of C-H bonds in- 
creases in the order 1? « 2? « 3°. 


* Radical chlorination is relatively nonselective and produces mixtures of products. 


* Free radical bromination of alkanes results in selective substitution of hydrogen 
atoms by bromine atoms. The reactivity ratios for 1° versus 2° versus 3° C-H 
bond are 1 : 100 : 2000. 


* NBromosuccinimide produces a low concentration of bromine; as a reagent it 
is used to carry out free radical bromination of benzylic and allylic substrates. 


Section 12.2 Reduction via radical intermediates 


* Benzylic alcohols and ethers are cleaved between the benzylic carbon and oxy- 


gen atoms by molecular hydrogen in the presence of a Pd catalyst. The oxygen 
atom is replaced by hydrogen. 


* The C-S or C-Se bond of thiols, sulfides, and selenides is cleaved by Raney 
nickel, forming new S-H or Se-H and С-Н bonds. 


* An alkyne is reduced to a transalkene using sodium or lithium metal dissolved 
in liquid ammonia, a combination that generates solvated electrons. 


* Trialkyltin hydride reacts with molecules that have a C-X (X = Cl, Br, or I) bond 
and replaces the halogen atom with hydrogen. 


Section 12.3 Free radical addition reactions 


* Hydrogen bromide adds to the double bond of an alkene in the presence of a 
radical initiator such that the hydrogen atom becomes attached to the alkene 
carbon atom that initially has fewer hydrogen atoms. 


* An alkyl radical adds to the double bond of alkenes to produce polymers. 


* A five-membered ring can be formed when a radical is generated four atoms 
away from an alkene double bond. 


Section 12.4 Oxidation via radical intermediates 


Molecular oxygen is a diradical; it can promote or interfere with radical 
processes. 


Reduction products of oxygen, which include superoxide ion, peroxide ion, 
and hydrogen peroxide, are often harmful to living organisms. 
Biological systems employ several strategies to produce radicals to initiate reac- 


tions. A metal ion such as Fe, Co, or Cu is often used to create or to stabilize a 
radical center. 


Allylic oxidation that occurs by hydrogen atom abstraction is a common first 
Step for metabolic reactions of arachidonic acid. 


Enediynes undergo cyclization to form a diradical derivative of benzene that is 
capable of cleaving DNA. 
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KEY TERMS 


Section 12.1a Section 12.1c Section 12.2b 
initiation bond dissociation energy Raney nickel 
homolysis 

propagation Section 12.2a 

termination hydrogenolysis 


MEME E ж ы 
REACTION SUMMARY 
Sections 12.1b, 12.1d, 12.1e 
Free radical halogenation of C-H bonds. Ultraviolet light is used as the initiator, and 
the reactivity order is 3° > 2° > 1° > methyl > aryl, vinyl. Bromination is more selective 


than chlorination. 


сн RA M x 
/ X=Ci, Br / 


Section 12.1f 
Free radical bromination of allylic and benzylic C-H bonds with NBS. Heating with per- 


oxides normally initiates the reaction. 
R R 


$ NBS, (PhCOO);, A \ 
—C—H — 76 Вг 


R=Ar, C=C 


Section 12.2a 


Hydrogenolysis of benzylic 
in the molecule, so it is rea 


e con 


R=H, alkyl, aryl 


ethers and alcohols. The benzylic C-X bond is the weakest 
dily cleaved with hydrogen and a metal catalyst. 


, Pd/ Td 
Hare y M + ROH 


Section 12.2b 


Desulfurization 
moves $ and Se from molecules, replacing 


and deselenization of thiols, sulfides, and selenides. Raney nickel re 
C-S (or C-Se) with C-H bonds. 


N ickel \ 
C—S—R noo C—H + RH + Hj 
/ 

R=H, alkyl, aryl 


Section 12.2с 
Reduction of alkynes with Na or Li dissolved in liquid NHs. An alcohol (tert-butyl alco” 
hol) is sometimes added to the mixture to provide a source of protons. 


-— Na, NH; (liq), t-BuOH Е Мыш 
/ \ 
H 
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Section 12.2d 


The halogen atom is replaced by hyd ide i 
Fin byte and pees | у hydrogen when an organohalide is heated with trib- 


\ Bu;SnH, AIBN, A М. 
> 


Section 12.3a 


Hydrogen bromide adds toan alkene in the presence of peroxides with apparent “anti 
Markovnikov regiochemistry, which derives from formation of the more stabl ical 
in the first step. ак 


H H 
ре с^ HBr, peroxides, A \ "d 
р, \ -— P dh ua 


Section 12.3b 
Radical addition to alkenes leads to formation of polymers. 


/ 
N 


n 


\ / | hl 
xX + n С=с 
/ \ т) x-{c—c}-c=c 


Section 12.3c 
A gya embered ring is formed by the reaction of an organohalide and tributyltin hy- 
e halogen atom is attached to a carbon atom f : 
Bs oai. om four bonds away from a x 
process depends on the concentration of the ti i 
e tin h 
reagent. Replacement of the halogen atom by hydrogen competes with i nu 


Ove 


Виз5пН, AIBN, A 


Мм МХ 
X=Cl, Br, I 


12.17, : ADDITIONA 
E. nat would be the product ratio expected from chlorination of 2- кымы 
ylpropane if all of the hydrogen atoms were to react at equal rates? 


12.18. i 
- се of ше following compounds were treated with 1 equiv of Brg 
influence of UV light. Which would prod 
КЕ ei c ch produce a reasonably pure mono- 
Р an one positional isomer will b 
ture of each expected monobromo compound. ENDISSE 


п ps ead 


а. 


dcs d 
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12.19. Draw the structure of the major product expected from each of the following 
transformations. Draw the structure of each stereoisomer if the product contains а 
new chiral carbon atom. 


a b. 
5 n 
NBS, CCla, A Raney nickel 
» СС, 
———À —————— 
(PhCOO), К 

© d. 

Br 

Bu,SnH, AIBN HBr 
A Peroxide 
rn, 

COOH 
е £f 

о Hz, Pd/C ЕЕ б NBS, CCig, A 

e — 
N (PhCOO), 
h. 
б ^. Ha, PAC os 
Mo CH; : o eU Lindlar catalyst ^ 
i. 
Na, МН; (у 
Mo == CH; t-BuOH 


12.20. а. Draw and label a reaction coordinate diagram for the two propagation steps 
in the chlorination of methane. (Figure 12.1 shows only the first propagation step.) 
On the diagram, indicate the АН? values for each step. 


b. Suppose the mechanism for chlorination of methane were to occur in the 
following way: 


i 1 
Cl: [ H>C—H — + а—с—н 
` WwW 

i H 


Chioromethane 


dL: (OH — :C + CI—H 


LZ 


Calculate the value of АН? for each step (use the data in Tables 12.1 and 
12.2). Draw a reaction coordinate diagram for this alternative mechanism and 
include the AH? values. Which mechanism is more likely, based on the | 
energies of each process? Making the assumption that AG? = АН”, what is the 
value of AG? for the overall reaction by each mechanism? What does this 
result tell you about the standard free energy change for a reaction and its 
mechanism? 


Additional Exercises 


12.21. From BDE values given in Tables 12.1 and 12.2, calculate the values of AH? for 
the following processes. 


a. propane + Br: > 1-propyl radical + HBr 
b. Propane + Bro > 1-bromopropane + НВг 
c. Propane + Br. — 2-propyl radical + HBr 
d. Propane + Brg — 2-bromopropane + НВг 


12.22. Drawa reaction coordinate diagram like the one in Exercise 12.20 for the fol- 
lowing two bromination processes; make use of the AH? values that you calculated 
in Exercise 12.21: 


a. Stepl Propane + Br. > l-propyl radical + HBr 

Step2 1-Propyl radical + Bro > l-bromopropane + Br- 
b. Step1 Propane + Br- — 2-propyl radical + HBr 

Step 2  2-Propyl radical + Bro > 2-bromopropane + Вг. 


12.28. From the BDE values given in Tables 12.1 and 12.2, calculate the values of AH? 
for the following processes. The C-Br bond in a-bromotoluene has a BDE of 58 
kcal mol. 


a. Toluene + Br: — benzyl radical + HBr 

b. Benzene + Br. > phenyl radical + HBr 
c. Toluene + Bro > o-bromotoluene + HBr 
d. Benzene + Bry — bromobenzene + HBr 


12.24. Draw a reaction coordinate diagram like the one in Exercise 19.20 for the fol- 
lowing two bromination processes; make use of the AP values that you calculated 
in Exercise 12.23: 


a. Step1 Toluene + Вг. — benzyl radical + HBr 

Step 2. Benzyl radical + Bro — o-bromotoluene + Br- 
b. Step 1 Benzene + Вг. > phenyl radical + HBr 

Step 2 Phenyl radical + Bro — bromobenzene + Вг. 


12.25. Anti-Markovnikov addition of HBr occurs with alkynes, too. What are the two 
major products of the following reaction assuming addition of 1 equiv of HBr? 
(They are geometric isomers.) Name the products. 


HBr, ROOR, A 
CH,CH,CH,CH,—Cec—H — 9*5, a Qa) 


12.26. An old bottle of tetralin (1,2,3,4-tetrahydronaphthalene) sitting in a chemical 
storage room was found to contain 1-hydroperoxytetralin. Propose a mechanism to 
account for the genesis of this impurity. 


OOH 
Tetralin 1-Hydroperoxytetralin 
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Additional Exercises 395 
| 12.27. Draw the structure(s) of the major product(s) expected from each of the fol- » 12.29. Carbonyl compounds, especially aldehydes, can react via radical additi on 
` lowiñg reactions. Indicate the stereochemistry of the product as appropriate. Rel- Й processes. Propose a mechanism to account for the formation of the product in the 
ative stereochemistry should be shown using wedges and dashed lines. If a racemic 1 following reaction: 
mixture will be formed, draw the structure of one enantiomer and write the word Н 
“racemic”, or draw both enantiomeric structures. If diastereomers are formed, | р а — 
draw each structure; label meso compounds as such. If no reaction occurs, 1 ! O — ABNA [on 
write N.R. 
i 12.30. Describe what is impractical about each of the following transformations. Give 
- f. the actual major product. If no reaction occurs, write N.R. 
[9 
(PhCO,), Б 
о NBS, (РҺСОО),, ‚ AIBN, 
"n Hic Rod aie Bel pw Бозан АШ а s O 
b. H, fis & 1 
t a Br Bu,SnH С. 
Cr “снн NBSA — iNT f bad] Bu;SnH, AIBN, А 
(PhCO,), (cyclization) > 
I 
h 12.31. Normally, reaction of an alkenyl iodide with a tin hydride reagent leads to for- 
у ос Ви», SnH NBS, A mation of a ring: 
i AIBN, A (PhCO; 
Normal: 
d CH; Е 5 1 АРМА МХК —_ ATN » 
Bry CH;Cl Raney nickel 1 Е 
‚© Ch as s 
Rationalize the following observations by proposing a reasonable mechanism, not- 
ing the different conditions used for each transformation. 
e CH; i. CH; A 0~ 9, Bu,SnH, AIBN 9-0 р 0-0 Bu,SnH, AIBN 0-0 
Na, NH. ©» CH;Cl; ae У CH, A, argon CIL Sy GH, AO, 
= OH 
CH show ali major monosubstitution products) E 
3 f : : 12.32. Propose a mechanism to account for formation of the aldehyde in the follow- 
ing reaction, which involves a radical addition step: 
12.28. During petroleum refining, crude oil is subjected to a process called pyrolysis : 
in which a molecule is heated so hot that some of its carbon-carbon and car- | BUSH АЙНА. 
= dergo homolysis. The radicals produced by this process М ee кууу (81%) 
bon-hydrogen bonds underg, JS pi ; 80 atm CO, benzene H 
recombine, creating hydrocarbons that were not necessarily present at the begini 
ning. In some cases, carefully controlled conditions can lead to es pd 12.33. The following molecule can be oxidized to form a stable free radical called 
specific compounds. At which bonds (either C-C or C-H) aed? Е. ехреє 4 galvinoxyl, which has а deep purple color. Draw the structure of galvinoxyl and dis- 
molysis to occur most readily in each of the following molecules? Why: cuss what two factors make it stable (Hint: Many radicals are unstable because they 
dimerize: 2 X- -> Xo.) 
a. b. 


idati 
HO сн, / \ OH oxidation Coole 0," 


s Galvinoxyl 


СНО; 
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12.34. tertButyl hypochlorite can be used to carry out allylic chlorination reactions, 
Propose a mechanism for the following reaction: 


а 
С) + (CHjjc—o—d > Cy + (CH3);C—OH 


12.35. The iodoketone shown below undergoes two radical cyclization steps to yield 
a product that has three five-membered rings. Propose a reasonable mechanism 
for this transformation, which begins with iodine atom abstraction by BusSn- . 


о 
Sw Bu;SnH, AIBN x 
————— ) 
í CoH, А ^ 


E ———————————————— // 


PROTON AND CARBON 
NMR SPECTROSCOPY 


13.1 CHEMICAL SHIFTS AND PROTON EQUIVALENCE 
13.2 SPIN COUPLING IN SIMPLE SYSTEMS 
13.3 INTERPRETING AND PREDICTING 1H NMR SPECTRA 
13.4 SPIN COUPLING IN MORE COMPLEX SYSTEMS 
13.5 CARBON NMR SPECTRA 
13.6 INTERPRETING !3CNMR SPECTRA 

CHAPTER SUMMARY 


Whether you are performing a single chemical reaction or carrying out a multistep syn- 
thetic procedure, you usually need to verify or deduce the structures of the products. 
Spectroscopic methods provide a straightforward means to accomplish either of these 
objectives. Because most organic compounds share the same structural features (Sec- 
tion 1.1b), few techniques are needed to differentiate their structures, and this book 
will describe the features of the following four types of spectra. 

Proton nuclear magnetic resonance (H NMR) spectra (Sections 13. 1-13.4) result from 
the absorption of energy that affi € spins of a molecule's hydrogen i.These 
spectra can be used to determine a proton's local environment, which include: 
tached and neighboring carbon atoms, heteroatoms, and pi bonds. 

Carbon nuclear magnetic resonance (C NMR) spectra (Sections 13.5 and 13.6) are 


comparable to ЇН NMR spectra, except that the environments of the carbon atoms are 
detected. i о 


T Mass spectra (Section 14.2) are used to obtain the molecular weight and formula of 
à compound and to identify the presence of certain heteroatoms. The characteristic pat- 


terns in a mass spectrum can be used to identify substructures of the carbon skeleton. 
Infrared (IR) spectra (Section 14.3) result from the absorption of energy that affects 


nd vibrations. Infrared Spectroscopy is used to identify functional groups that are 
M ————— 
présent in a molecule. 


Proton nuclear magnetic resonance spectroscopy is the technique most commonly 
used 


to characterize organic compounds because it is relatively simple and does not alter 
9r destroy the sample. Interpreting a 1H NMR Spectrum means that you identify the en- 
vironment of every proton-containing group within a molecule and recognize ose 
ents are connected. Along with knowledge about which functional groups are pre- 
is information often allows you to deduce the complete structure of a molecule. 
The use of 'H NMR Spectroscopy is not limited to structure elucidation. It is also a 
Valuable tool for studying reactive intermediates and mechanisms of chemical reac- 
tons. A related technique is magnetic resonance imaging (MRI), which exploits 1H NMR 
fo study the composition of tissues and living organisms. In medicine, MRI provides an 
Indispensable means for probing internal organs and structures without resorting to 
Potentially damaging high-energy X-rays or to invasive surgery, 


s the at- 


Sent, 
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Figure 13.1 

Alignment of the magnetic 
dipoles of a proton in a 
magnetic field. 


CHAPTER 13 Proton and Carbon NMR Spectroscopy 


This chapter begins with a brief summary of the theoretical basis for the NMR phe- 
nomenon and then illustrates how !H NMR spectra can be used to identify the envi- 
ronments of the hydrogen atoms in an organic molecule. Procedures for interpretin, 
the information obtained from 1°C NMR spectra are also presented, showing how this 
technique complements data obtained from the !H NMR spectra. Chapter 14 describes 
how data from elemental analyses and NMR, IR, and mass spectra can be used to de- 
termine molecular structures. 


13.1 CHEMICAL SHIFTS AND PROTON EQUIVALENCE 


13.1a NMR Spectra RESULT FROM ABSORPTION OF ENERGY THAT 
CHANGES THE SPIN STATE OF A PROTON OR NEUTRON 


Atoms that contain an odd number of protons or neutrons are like small magnets be. 
cause of the spins of the nuclear particles. The simplest nucleus of this type is that of 
the hydrogen atom, which consists of a single proton. Its spin, which is either clockwise 
or counterclockwise, is associated with a spin quantum number, which is either — ог 
+0. In the absence of a magnetic field, the energies of the two spin states are the same, 
or degenerate. 

When placed in an external magnetic field, however, a proton’s spin, and the as- 
sociated magnetic field created by its spinning, can align either with or against the ex- 
ternal field (Figure 13.1). If the proton’s local field has the same direction as the 
external field, its spin quantum number is +”, and it is aligned with the Tela: If the 
proton spin generates a field with the opposite direction, the proton’s spin quantum 
number is 5. Protons with nuclear spins aligned with the field have lower energy val- 
ues than those that are opposed, and the two spin states are no longer degenerate. 

When a molecule in a magnetic field is irradiated with radio waves, the proton can 
absorb energy (Eq. 13.1), changing its +76 spin to the higher, less-favorable state (spin 
-%). This absorption process creates the peaks observed in an NMR spectrum. 

The frequency (у) of radiation (units: megahertz, MHz) that is necessary to cause 
the spin change is related to the energy difference (AE) between the spin states, 
given by Eq. 13-1, and to the field strength (Hp), as given by Eq. 18.2. The ET 
called the gyromagnetic ratio, and it is characteristic for each kind of magnetically active 
nucleus. 


AE- hv (13.1) 
ER (13.2) 
2n 
" 1 
1 i 1 spin=—2 
ѕріп = 2 spin=—3 
mM" 
e 
$ Ре 
a M d spin 72 Direction of external 
| 7 um AE=hy magnetic field, Ho 
Magnetic field Ў 
created by spinning 
No external field External field applied 


13.1 Chemical Shifts and Proton Equivalence 


43.1b PROTONS WITHIN A MOLECULE CAN BE 


MAGNETICALLY EQUIVALENT 


Jf every proton in a molecule absorbed radio waves at the same frequency, NMR spec- 
troscopy would not be possible. Fortunately, protons absorb at slightly different fre- 
quencies because of the influence of the surrounding electrons. Nevertheless, groups 
of protons can be magnetically equivalent, which means they experience identical in- 
fluences when placed in an external magnetic field. The absorption requencies for 
magnetically equivalent protons are the same. CONES 

To decide whether protons are magnetically equivalent or not, consider replacing 
cach proton separately by another atom. Protons that are replaced to form the same 
compound or its enantiomer are magnetically equivalent. For example, replacement of 
any of the three-protons in a methyl group yields the same product, as illustrated below 
for butane, so all three protons of this methyl group are magnetically equivalent. 


H Br H H 
/ / / / 
Свена < н —> РЕРНИ а н CH;CH;CH;—C-—H 
H H H Yr 
The protons in color are 1-Bromobutane 1-Bromobutane 1-Bromobutane 


magnetically equivalent. 


(If the replacement process generates diastereomers, then the protons are not mag- 
netically equivalent; molecules of that type will be discussed in Section 16.3b.) 

Protons attached to symmetry-related atoms are also magne cally equivalent. To 
identify symmetry-equivalent atoms or groups, you have to look for the presence of a 
center an axis, or a plane of symmetry, To see if one of these symmetry elements is present, 
expand the structure, as shown with the examples illustrated in Example 13.1, and/or 
make a model. 


EXAMPLE 13.1 


Indicate which protons in each of the following structures are magnetically equivalent 
to the one shown in color: 


а. н, b. б. 
нс ©, к н gh 
EL Р Cpe с=с 
Toc \ / \ 

че н HC H 
H 
————— á—— 


a. First, consider replacing each of the protons of the methylene group with “X”. These 
compounds (B) are enantiomers, so the methylene protons shown in color are mag- 
Netically equivalent. 


B н; H; 
Hc“, њс С, нс, 
А — and Í о 
ы HCW с^ нс c^ 
2 А ыз 
i RO. 


Enantiomers 
B 
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Next, determine if the molecule has a center, axis, or plane of symmetry. This molecule 
has a plane of symmetry, so the protons with a mirror-image relationship are magneti- 
cally equivalent. 


These protons are equivalent because 


These protons are equivalent 
they have a mirror-image relationship 


because they have a mirror- 
image relationship 


т O aaan fe Plane of symmetry 


Therefore, all four protons (shown in color below) attached to the carbon atoms adja- 
cent to the oxygen atom are magnetically equivalent. 


H 
\A 
He 
HIC cA 
\ 
1 ^н 


b. For this molecule, we might consider replacing each of the protons of the methyl 
group with “X” to see if they are equivalent, but we can also make use of the fact thata 
methyl group possesses a threefold axis that interrelates the positions of its protons. 


H H H 
Ost | 
Cg- = Gan Axis of symmetry C CER 
ін (threefold) “н “н 
H H H 


After rotation of 120° After rotation of 240° 


Thus, this axis of symmetry means that all three protons (shown in color below) are 
magnetically equivalent. 


c. As in part b, we might consider replacing each alkene proton to see which are equiv- 
alent, but we can also recognize that this molecule possesses a center of symmetry 
(lines connecting the same atoms or groups pass through the center of the molecule). 


С Center of symmetry С=С 


/ 
\ РА и „7 7 N 
нс H HC H HC H 


Thus, this center of symmetry means that the alkene protons are magnetically equivalent. 
(All six methyl group protons are also magnetically equivalent.) 


13.1 Chemical Shifts and Proton Equivalence 


EXERCISE 13.1 


Ba 
Indicate which protons in each Structure are chemically €quivalent to those shown in 
color. 


i b. 
CH; ee нс fh 5 CH, 
sC. „СН, c Pe 
AN. Зен ch, гаа 
сн, Нс СН; HC— f — ch, 


H 
13.1c THE PosiTION OF AN ABSORPTION PEAK IN AN NMR Spectrum 
IS CALLED ITS CHEMICAL SHIFT 


methyl and methylene protons of CHsOCH.Br appear at д 3.5 and 8 5.7, respectively. 
Notice that ppm” is not generally written in conjunction with the symbol 8. 


Upfield 
—O—Ch, Downfield 


—0-—CH,—Br 


Figure 13.2 

The 200-MHz !H NMR 
spectrum of CH5OCHsBr with 
an internal standard of 
tetramethylsilane (TMS), 
showing the chemical shift 
values. 
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Figure 13.3 


Approximate chemical shift 


ranges for protons. 
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The СНЗОСН»Вг molecule has five protons, but the spectrum displays only two sig- 
nals. The two protons of the methylene group and the three protons of the methyl 
group are magnetically equivalent (Section 13.1b). The following point is important: 


The chemical shifts of magnetically equivalent protons are identical. 


The signals observed for the methyl and methylene protons in CH3OCHoBr are 
downfield from the TMS signal, which means they appear to the left of the TMS signal 
(higher ppm value). The signal for the CHs group is upfield (to the right) of the sig- 
nal for the СН» group but downfield (to the left) of the TMS signal. Notice that the 
terms downfield and upfield are used to denote relative positions. 

Chemical shift values are related to the screening effects caused by the electrons, 
Protons that give signals that are further downfield are deshielded, which means they 
experience a slightly stronger magnetic field than those absorbing upfield. Conversely, 
proton signals upfield from others are more shielded and experience a slightly weaker 
magnetic field. Figure 13.3 shows approximate chemical shift ranges for various struc- 


ROH Баана 

ArOH Балана 

CH,—R а 
RSH 
RNH; Е 
сн,—С=с B 
CH,—NC, 
CH—CO— 
CH,—AR 
—с==сн 


С gd 
/ N 
(conjugated) 
—NH—CO 20222221 
[ша 
асана 


ArH 
(benzenoid) 


ArH 
(non-benzenoid) 


H—CO—OR o 
RCHO [ 
RCOOH =e] 


13.1 Chemical Shifts and Proton Equivalence 


tural units; values for aliphatic protons are given in Table 13.1. Chemical shifts are in- 
fluenced mainly by inductive and magnetic anisotropy effects. 

Inductive effects are related to the presence of electron-withdrawing groups on the 
adjacent atoms. If electron density is withdrawn from around the hydrogen atom nu- 
cleus toward a more electronegative atom, as illustrated below, the proton will be 
deshielded, and its signal will appear at a position farther downfield. 


H H 


8 
АСС versus aC —X 


For example, 
CH3—CH, CH;—Cl CH,—OCH; 


80.26 3 3.06 $ 3.24 


Inductive effects are additive, so additional electron-withdrawing groups attached 
to a carbon atom will shift the proton signal farther downfield than if only one such 
group is present. For example, 


H CI [e] СІ 
| | | | 
H^ Y H HU Y H ue H uS iO cI 
H H cl CI 
$ 0.20 $ 3.06 ô 5.35 6 7.25 


Table 13.1 Approximate chemical shift ranges for protons bonded to 
aliphatic carbon atoms. 


eS 


Methyl protons ô Methylene protons $ Methine protons ô 
CH3-C 0.9 -Сн›-С 13 -CH-C 1.5 
CH3-C-C-C 1.1 -CH;-C-C-C 17 -CH-C-C«C 1.9 
CH3-C-O 1.4 -CH;-C-O 1.9 -CH-C-O 2.0 
CH3~C=C 1.6 -CH;-C-C 23 -CH-C-C 22 
CH3-Ar 23 -CH;-Ar 23 -CH-Ar 3.0 — 
CH3-CO-R 22 -CH;-CO-R 24 -CH-CO-R 27 
СНз-СО-Аг 2.6 -Сн;-СО-Аг 2.9 -CH-CO-Ar 3.5 
CH3-CO-O-R 2.0 -CHz-CO-O-R 22 -CH-CO-O-R 2.5 
CH;-CO-O-Ar 24 -CHz-CO-O-Ar 27 -CH-CO-O-Ar 2.9 
CH3-O-R 3.3 -CH2-O-R 34 -CH-O-R 3.7 
CH3-O-H 3.5 -CH;-O-H 3.6 -CH-O-H 3.9 
CH3-OAr 38 -CH;-OAr 43 -CH-OAr 4.5 
CH3-O-CO-R 37 -CH;-O-CO-R 44 -CH-O-CO-R 48 
CH3-N 23 -CH2-N 2.5 -CH-N 28 
CH;-NO; 4.0 -CH;-NO; 44 -CH-NO; 47 
CH3~C-NO5 16 -©н;-С-МО; 2.2 -CH-C-NO; 2.6 
CH3-C«C-CO 20 -CH?-C-C-CO 2.1 -CH-C-C-CO 24 
CHs~C-ct 14 —CH2-C-Cl 1.8 -CH-C-CI 2.0 
CHi-C-Br 1.8 —CHz-C-Br 1.8 ~CH-C-Br 1.9 
CH3~CI 3.0 -CHz-CI 3.4 -CH-CI 4.0 
CH;-Br 27 -CH;-Br 33 -CH-Br 39 — 


403 


CHAPTER 13 Proton and Carbon NMR Spectroscopy 


Notice that the additive effects of electron-withdrawing groups are not linear, so the 
second electron-withdrawing group produces a smaller effect than the first one. 
Inductive effects apply to protons bonded to heteroatoms as well. In addition, hy- 
drogen bonds (Section 2.8b) often influence the chemical shifts of protons attached to 
oxygen and nitrogen atoms by deshielding them. A combination of these effects is used 


^to rationalize the large downfield shifts of carboxylic acid protons versus those of alco- 


hols, for example. 
o 


I 
CH,—CH,—0—H CH,—C—0—H 


$45 8 10-13 


Magnetic anisotropy is a term used to describe the effects caused by localized mag- 
netic fields that are created by the bonding electrons in a molecule, especially those in 
п bonds. Magnetic anisotropy effects have specific directional orientations that influ- 
ence the degree of shielding. 

To see the effects of magnetic anisotropy, compare the resonance values for the 
protons in the following compounds. 


H CH; H CH; 
V / X / 
с=с H—C—C—H 
/ N / N 
H CH; H CH; 
8475 8170 80.89 50.89 


Each substituent (H and CHs) connected to the alkene carbon atoms displays a reso- 
nance that is downfield from the corresponding group in the alkane. The л bond of 
the alkene creates a localized magnetic field that is deshielding toward the protons of 
these attached groups. 

Magnetic anisotropy is particularly important for aromatic compounds. The pro- 
tons attached to benzene give rise to absorptions farther downfield than those in cy- 


clohexane. 
O 


ò 1.30 87.26 


The following set of oxygen-containing molecules illustrates the effects of magnetic 
anisotropy caused by the presence of a carbonyl n bond. Along with the high elec 
tronegativity of the oxygen atom, the effect of magnetic anisotropy within the aldehyde 
group causes a significant downfield shift of its proton resonance compared with that 
of either the alkene or the alcohol (the protons being compared are shown in color). 


H RH сн, н АВ 
С=с O=C O—C—H 
/ N 
H H H H 
857 $99 | 53.6 


А general trend to remember is that the chemical shift value of a methyl group is 
usually upfield from that of a methylene group, which in turn is upfield from that ofa 
methine group, if the local environment is the same. For example, in the following series of 
ketones, the chemical shift for the protons shown in color increases with the decreasing 
number of protons on the carbon atom € to the carbonyl group. 

—————— Voce o a 


13.1 Chemical Shifts and Proton Equivalence 
о о о 
CY “сњ ^oc њ-сн, CN 0, -CHs 
1 
22 CH; 
8 2.52 © 2.93 ӧ 3.55 


As noted already, the chemical shifts of magnetically equivalent protons are iden- 
tical. Some examples of equivalent and nonequivalent protons are shown in Figure 
13.4 along with their corresponding chemical shift values. 


9 о 
H 
Ha Ha H, б zu т 
Н; Ha Ha H V / a 
Hy Hp нь С=С 
f N 
H H H H 
bH н, b нн, нь ü CH; н, 
Н, 822 Н. 82.58 CH; 81.70 
H; 318 bi 8218 All protons at 8 7.26 H, 8475 
Н; 817 Н, 82.92 


EXAMPLE 13.2 


For the compound shown here, specify the approximate chemical shift range for each 
proton or set of protons. es 


—— 


First, identify the types of protons present. This molecule contains protons attached to 
an alkyne carbon atom, an alkene carbon atom, and an alkane carbon atom adjacent 
to a p bond (C-C-C-H). Next, use the data in Figure (о assign approximate chem- 
ical shift values to the three types of protons. 


55-6 H C=C—H 
с—с 825-3 
Br CH; 815-2 


ee 
EXAMPLE 13.3 


Estimate the chemical shift values for the protons in 1,1-dichloroethane. 
т 


First, we recognize that there are two types of protons—methyl and methine—so we ex- 
E to see two NMR signals. For the methine proton signal, we make use of the chem- 

al shift values given earlier in this section for the chlorinated methane derivatives. 
i E shift for the methine proton in dichloroethane should be upfield from 
n. is : и protons іп dichloromethane because a methyl group is electron 
Bu a cede mt 1 pipron (Section 6.2b). We estimate that the methine proton 


Figure 13.4 

Examples of chemical shift 
values of magnetically 
equivalent protons. 
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| 
For the methyl proton signal, use the data in Table 13.1. Remember that a second with each signal may actually be a multiple of the calcul 
Е AI t 
electron-withdrawing group has less effect on the chemical shift than the first such group, sented in this text, the integrated intensity value aE For ae ра 
so we add 0.4 instead of 0.5 (b.). The methyl proton resonances will appear at ~ 6 1.8. given as a number in parentheses above each set of peaks, each signal will be 
Chemical b. Chemical EXAMPLE 13.4 
shift Table 13.1 shift 
Difference Difference 2 5-Hexanedione has the ІН NMR spectrum sh ; 
H H CH, 80.2 H3;¢—C— $0.9 s р pectrum shown below. Assign each absorption peak 
\ 2.9 0.5 to the appropriate set of protons in thi ЕРЧӨр 
нса Cd 8312 ` H.c-c—d 8145 7 Nd Рота this molecule: 
/ D +23 ) +0.4 (estimated) 
с! H—CHCL, 854 H3C—C—Cl  818- (3) i ‚© 
H,;C—CHCl, $ 5.2 (estimated) cl Фу 
The methyl group is electron donating 
compared with the hydrogen atom in 
dichloromethane. TMS 
| 
ДЕ um 1—71 
EXERCISE 13.2 3 2 1 0 
$ 
For each of the following compounds, give the approximate chemical shift ranges for 
each proton or set of protons making use of the data in Figure 13.3 and Table 13.1: 7 ^ w———— 
a xd ar E ^ I First, draw the structural formula for 2,5-hexanedione: 
i CHO ? cl CH; a. b. / 
С=С С о 
" Y н сн,сн “осн, Б. NO, HC. ya " E. нс Н; l 
i n ©. CH; ОУ “ен, Center of symmetry 
1-8 0 l COM 
2,5-Hexanedione 
13.1d INTEGRATED INTENSITY VALUES ARE PROPORTIONAL TO THE M 
NUMBERS ОЕ MAGNETICALLY EQUIVALENT PROTONS © ee iad add groups (a.), but the spectrum shows only two sig- 
Р А Я : d ome of t : : 
Because magnetically equivalent protons have identical chemical shift values, an ab- to determine which рг oe m Mir einn equivalent. The next step is 
sorption peak in an NMR spectrum may correspond to one, two, three, or more pro- in Example 13.1. oS Hexanedion: һаз а ceni " Т edous by Ше procedures illustrated 
tons. When you record a !H NMR spectrum, the spectrometer calculates integrated groups and two methyl groups are equival er of symmetry (b.), so its two methylene 
intensity values, which are proportional to the areas under the peaks, and therefore to Тһе signals in the hee ae : dcin iba $ | 
the number of protons that create those signals. The integrated 1H NMR spectrum for values for these signals are 2 and 3, especie , nai pus ше bkn intensity 
СНзОСНзВг (ѕее Fig. 13.2) is shown in Figure 18.5. | ratios, these two signals correspond to 2 апа 21 ise x as intensity values are 
Keep in mind that integrated intensity values for a spectrum are not necessarily ab- Looking at the magnetically equivalent prot d , and 9, апа so on protons. 
solute values, as they are for СН:ОСН»Вг. Instead, the number of protons associated tons and 6 methyl protons. Therefore s > е ns “eH there are 4 methylene pro- 
1 ` Й А :0 is the resonance for the 4 meth- 
Jene protons, and the peak at ё 2.1 signal is the resonance for the 6 methyl protons. 
(3) XERCISE 13.3 
1,4Dimetho i 
xybenzene has the following ЇН NMR : : 
(2) peak to the a : g spectrum. Assign each absorption 
ppropriate set of protons in thi 
Oe CHE Ear осн, prop! protons in this rng 
Or lr 
nm 
(2) EN 
Figure 13.5 TMS М" Pr 
The !H NMR spectrum of | 
СНЗОСН»Вг with its T РТ T T 1 
integrated intensity values T T 8 6 4 2 0 = 
shown in parentheses above 7 6 5 4 2 1 0 | m 8 


each peak. 3 
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Proton and Carbon NMR Spectroscopy 


13.2 SPIN COUPLING IN SIMPLE SYSTEMS 


13.2a SPIN COUPLING Occurs BECAUSE or THE MAGNETIC FIELD 
PRODUCED BY NEIGHBORING PROTONS 

The chemical shift and integrated intensity values by themselves would make NMR 
spectra useful for deducing the structures of molecules, yet even more structural in- 
formation can be obtained from many !H NMR spectra. If you were to predict the ар: 
pearance of the ІН NMR spectrum for chloroacetone (СН:СОСНСІ), you would 
expect to see two signals, one for the protons of the methylene group and one for those 
of the methyl group. The integrated intensity values would have a ratio of 2:3. The ас- 
tual spectrum, shown in Figure 13.6, confirms these expectations, displaying peaks at 
5 4.2 (relative intensity 2) and 6 2.3 (relative intensity 3) for the СНз and СНз groups, 
respectively. The chemical shift for the СОСН»СІ protons is not included in the data 
given in Figure 13.3 or Table 13.1, so its value has to be estimated. A СН» group next 
to a carbonyl group has a resonance at ~ 6 2.4. 6a cdd 
group—the chlorine atom—will shift that peak another 2 ppm ; :5; which 
fs close to the position of the actual signal. ~ cds E 


| 
с—сн,—с— —C—CH; 


Figure 13.6 


The 300-MHz ІН NMR Crt et dowd ТТЕ ТТЕ or ЇЇ ҮҮ 
spectrum of chloroacetone, 5 4 3 2 1 0 
СНзСОСН»СІ. 8 


If you were to predict the ІН NMR spectrum of propanoyl chloride, CH3CH3COCI, 
you might again expect to see two signals, one for the methylene group and another for 
the methyl group, with relative intensities of 2:3. The actual spectrum, shown in Figure 
13.7, clearly contains many more than two peaks. 


The phenomenon that gives rise to the appearance of these additional peaks re- 
sults from the influence of profons aflached to the aufs carbo atoms. The three 
в ———M — 


| 
—cH,—C—Ccl CH3— 


| TMS 
Figure 13.7 ——- 
The 300-MHz ІН NMR Ie Ir | T у et —1 T T T TET Ti Y TI T TF 
spectrum of propanoyl 4 3 1 0 


chloride, CH3-CH;-COCI. 8 


13.2 Spin Coupling in Simple Systems 


equivalent protons in the methyl group of CH3CH$COCI should generate a single res- 
onance when this compound is placed in a magnetic field. But the protons on the ad- 
jacent methylene group will act as small magnets that either enhance or reduce the 
external field. The nuclear spins of the СН» protons, which are aligned either with or 

inst the external magnetic field, exist randomly within a given molecule in one of 
four possible spin combinations (T = spin # and J = spin 14); 


A B 
CH;—CH,—COCl CH;—CH,—cocl 


Ji i 


CH;—CH,—cocl CH,—CH;— Cod 


| 1 


In molecule (A), the methyl group experiences a stronger field than it would if the 
methylene group were absent because the two neighboring spins create small fields that 
add to the external field. The methyl group in these molecules will display a signal slightly 
downfield from that for an unperturbed methyl group in the same environment. 

In molecules (B) and (C), the influence of the tiny magnetic fields from the adja- 
cent methylene group is zero because the fields cancel. [The combinations in (B) and 
(С) are the same energetically because the protons are magnetically equivalent.] The 
methyl resonances for molecules (B) and (C) will therefore occur in the same place as 
the resonances for an unperturbed methyl group. Finally, the methyl group in (D) will 
experiénce a decreased field, because the small fields generated by the methylene pro- 
tons wil tounteract the External field. Its resonance signal will appear at a slightly lower 
frequency than that for an unperturbed methyl Broup, and so it will be slightly upfield 

“Addition of these four combinations shown above (A to D) creates he fate (P : 
ure 13.8) that is observed for the methyl signal in the actual spectrum. j 


(Ы 


This same procedure сап be used to evaluate how the small ma i 
ем; gnetic fields created 
E the protons of the methyl group influence ihe methylene proton signal. Thus, for a 
Hy group adjacent to a methyl group, four peaks will be generated for the methylene 
Proton signal because of the four spin orientations possible from the three methyl pro- 
tons (Figure 13.9). 
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Figure 13.8 

Additive effects of the 
magnetic fields from 
neighboring protons that 
generate the observed triplet 
pattern for the methyl proton 
signal of propanoyl chloride. 


Figure 13.9 

Additive effects of the 
magnetic fields from the 
neighboring protons that 
generate the observed quartet 
pattern for the methylene 
proton signal of propanoyl 
chloride. 
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СНАРТЕК 13 Proton and Carbon NMR Spectroscopy 


Thus, the resonance signal for a methylene group next to a methyl group should ap- 
pear as a quartet with peak ratios of 1:3:3:1, which is the actual pattern observed for the 
methylene group in the spectrum of propanoyl chloride (Fig. 13.7). 

Proton resonances are influenced through intervening bonds by the local fields 
generated by the protons attached to adjacent atoms. This effect is termed spin couplin, 
meaning that the spins of nearby protons couple magnetically with each other. More 
commonly, this phenomenon is called spin-spin splitting because of the appearance of 
the spectrum itself, in which some signals are split into several closely spaced peaks, 


-Peak splitting is mot observed among magnetically equivalent protons, and the influ- 


ence of neighboring protons diminishes with distance so that only hydrogen atoms 
within three bonds of each other (i.e, H-C-C-H) have much effect. Coupling be. 
tween nuclei separated by three bonds—the most common situation—is called vicinal 
coupling. Protons that are separated by only two bonds can also couple, a phenomenon 
known as geminal coupling. This type of coupling is sometimes observed for the pro- 
tons of a terminal alkene with unsymmetric substitution, R(R')C-CHs. 

A proton resonance involved in spin coupling will be split into n+ 1 peaks, where п 
is the number of equivalent protons on the adjacent carbon atoms. This phenomenon is 
called the n + 1 rule, and the observed pattern of peaks is called its multiplicity. In this 
text, any resonance, including those that have been split, will be referred to аза feature, 

Whenever spin-spin splitting occurs, the chemical shift value for each feature is de- 
termined by finding the center of the feature. If the splitting pattern has an odd num- 
ber of peaks, the chemical shift corresponds to the central and tallest peak of the 
splitting pattern; if spin-spin splitting generates an even number of peaks, then the 
chemical shift corresponds to a point halfway between the innermost peaks. 

The magnitude of the splitüng between peaks is designated J, the coupling con- 
stant, which has units of hertz (Hz), not ppm. For the vicinal coupling between similar 
types of protons, J= 7 Hz. (The magnitude of Jvalues among protons of different types 
will be described in Section 13.4a.) Note this key fact: 


When spin coupling occurs, at least two features must show splitting, and the 
magnitude of the splitting in those features must be the same. 


The ratios of the peak heights in a split feature will have one of the patterns sum- 
marized in Table 13.2. For example, the peaks in a doublet will have equal intensities; 
the peaks in a triplet will have a 1:2:1 intensity ratio; a quartet will have a 1:3:3:1 inten- 
sity pattern, and so on. 


Spin-spin splitting occurs even when the protons are distributed over more than 


one carbon atom, as illustrated by the !H NMR spectrum of 2-chloropropane pre- 


sented in Figure 13.10. 2-Chloropropane has two equivalent methyl groups, which 
means that six protons are equivalent. Therefore, the methine proton signal is split 
into 6 + 1 = 7 peaks, which is better seen in the expanded spectrum (inset). 


Table 13.2 Intensities of peaks in the patterns caused by spin-spin splitting. 


n, No. of adjacent protons п + 1, Feature Intensity ratios 


0 1, singlet 1 
2, doublet 
3, triplet 

4, quartet 
5, quintet 
6, sextet 

7, septet 1:6:15:20:15:6:1 


eee 
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13.2 Spin Coupling in Simple Systems 
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Figure 13.10 


The 300-MHz !H NMR spectrum of 2-chloropropane, showing the spin-spin splitting patterns. 
The hydrogen atoms that are shown in color are the ones giving rise to the signal before 
splitting by the adjacent protons. Inset: The expanded spectrum of the methine proton region. 


t As you become familiar with looking at ЇН NMR Spectra, you will begin to recog- 
nize common splitting patterns that the aliphatic protons create. The patterns ob- 


served for the ethyl, ethylene, and isopropyl groups are illustrated in F; igure 13.11. As 
noted above, the magnitude of the splitting (the value) in the observed features is the 


same. 
He 1 
H 
di p ae 
\ 
=н, ра: ну —X 
| 
Н, Hy Н, н, He н, 
Ethy! Ethylene Isopropyl 
3 6 
a BU оо p 
(1) 
| | | | | | | alli 
Ha нь н, нь Hi H, 


тт 
Figure 13.11 


Standard splitting patterns observed for protons in common alkyl groups, along with their 
Integrated intensity values. Substituents X and Y represent electron-withdrawing groups that 
9 Dot contain protons, and therefore do not contribute to spin-spin splitting. For the 


ethylene group, X is more electron withdrawing than Y. 
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EXAMPLE 13.5 


Sketch the !H NMR spectrum for 1,1-dichloroethane, showing the chemical Shifts, in. 
tegrated intensity values, and expected splitting pattern (singlet, doublet, triplet, etc.) 
for each feature. 


a eee 


First, we recognize that there are бо ypes of proto шешу and methine—so we ex. 
pect to see two NMR features. We estimate their chemical shift values to be 8 1.8 and 
65.2 (see Example 13.3) with integrated intensi £3 and 1, respectively. 

The multiplicity of the signal for each set of protons depends on the number of 
protons three bonds away. When n protons are attached to the neighboring atom(s), 
then the splitting pattern will have n+ 1 peaks. The methine proton is three bonds away 
from the three protons of the neighboring methyl group, so the methine proton signa] 
will appear as a quartet [3 + 1 = 4 (quartet)]. The methyl protons are three bonds away 
from one methine proton, so the methyl proton signal will appear as a doublet [1+1 
=2 | uad The spectrum should therefore appear as follows: 


(3) 


E 
o-L = 
wu 


EE —————— 


EXERCISE 13.4 


Sketch the ЇН NMR spectrum for each of the following compounds, showing the chem- 
ical shifts, integrated intensity values, and expected splitting pattern (singlet, doublet, 
triplet, etc.) for each feature: 


CH; 
CH, —. .CH;-CH; | 
c —H 


HC C 
{ р оа 


CH,- 


13.2b COUPLING IN THE AROMATIC REGION Occurs ONLY 
AMONG PROTONS ATTACHED ТО THE RING 


The protons attached to a benzene ring are insulated from protons on groups attached 
to the ring because more than three bonds separate them. As a result of this separation, 
spin coupling occurs only between protons attached to the ring. 


нь 


Four bonds between Н atoms Four bonds between H atoms Three bonds between H atoms; 
no spin coupling no spin coupling 


protons engage in spin coupling 


Interpreting and Predicting ЇН NMR Spectra 


X Y Y lomel a oh So lom elu, 
„H, њ х 2 х He alone oM alowe... > 
Н; Ha Hs He H; 2 
Y 4 H, 2. Нь 
M Figure 13.12 
0) (1) 1) (0 (0 (1) (0 (1) Splitting patterns observed for 
some benzene derivatives (X, 
Ү, and Z are substituents other 
| | ll || than Н). The order in which 
the signals appear, left to 
н, н He Hy He Н. Нь Н, right, is arbitrary. 


Three common splitting patterns observed for benzene derivatives (one disubsti- 
tuted and two trisubstituted) are illustrated in Figure 13.12. (Additional examples will 
be presented in Chapter 17.) The actual chemical shifts for each feature may differ 
from those shown; that is, the relative order of peaks from left to right is arbitrary. The 
important characteristics to be observed are the peak multiplicities, which result from 
coupling between protons on adjacent atoms of the ring. 

The most easily recognized splitting pattern results from 1,4 disubstitution of the 


benzene ring in which the two substituents, X and Y, are different. The spectrum of 4 


nitrotoluene, presented in Figure 13.13, shows the two-doublet pattern that is distinc- 
tive for a 1,4-disubstituted ring. Notice that the sum of integrated intensity values for 
the entire aromatic region reveals how many substituents are attached to the ring. 
When this number equals 5, the benzene ring has a single substituent; when the num- 


ber is 4, the ring has two substituents; when it is 3, the ring has three substituents. In 
this case, the intensity value of 4 tells us that the ring has two substituents. 


(2) (2) 


10 9 8 7 6 5 


13.3 INTERPRETING AND PREDICTING 'H NMR SPECTRA 


13.3a INTERPRETING 1Н NMR SPECTRA 


Modern NMR spectrometers are computerinterfaced instruments capable of measur- 
mg spectra on very small quantities. To obtain an NMR Spectrum, you dissolve the 
Compound in a solvent that does not contain protons so that extra resonances are not 
Present to interfere with the spectrum. Deuterochloroform, CDCls, is the most 


Figure 13.13 
The 300-MHz !H NMR 
spectrum of 4nitrotoluene. 
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common solvent, but perdeuteroacetone, CD4COCDs, perdeuterobenzene, CsDs, ang 
deuterium oxide, D9O, find use as well (the prefix perdeutero- means that all of the hy. 
drogen atoms have been replaced by deuterium). Deuterium has a nuclear s spin, but its 
resonance frequency is different from that used to obtain proton spectra, so it does пог 
interfere. 

А ІН NMR spectrum has four primary characteristics that can be used in the in- 


terpretation process: 


~~ 1. The chemical shift of each feature. 

2. The integrated intensity value of each feature. 

— 3. The multiplicity (singlet, doublet, etc.) of each feature. 
— 4. The Jvalue(s) for each feature that shows splitting. 


Collecting and tabulating these data is the first step in the interpretation process. 

To begin, determine the chemical shift for each feature. These assignments are 
usually made by comparison with detailed compilations like the ones shown in Figure 
13.3 and Table 13.1. At the same time, make note of the integrated intensity value of. 
each feature. 

Some types of protons are not easily identified from their chemical shift values be- 


cause of the large range over which their resonance can appear. Protons attached to 
heteroatoms—especially oxygen—fall into this category, and these are shown at the top 
of Figure 13.3. Fortunately, protons of these types usually undergo deuterium exchange 
when treated with D9O (Eq. 13.3). To detect the presence of such groups, a drop of 
D20 is added to the NMR sample. The disappearance of a signal means that the group 
responsible for that signal usually has its proton attached to a heteroatom. Alcohols 
(ВОН), phenols (ArOH), and carboxylic acids (RCOOH) undergo exchange rapidly. 
Amides (RCONHg) and thiols (RSH) often need to be treated with a base like NaOD 
in D20 to promote exchange. Because DOH is slightly soluble in most organic solvents, 
its NMR signal will also be observed and must be taken into consideration. 


R—O—H + DO Е R—O—D + D—O—H 
E B (13.3) 
Signal between No signal No signal $5 
0.5 and 5 ppm 


After you have assigned the resonances to appropriate fragments based on the 
chemical shifts and integrated intensity values, you construct the carbon skeleton by 
using the spin-spin splitting data to deduce which groups are adjacent to each other. 


—-* Assign the multiplicity, m, of each feature (for a doublet, m= 2; fora triplet, m= 3; 

etc.). 

* Calculate the number of neighboring protons, n, according to the following 
equation: n= m- 1 

° Look for a feature with the same Jvalue that has n protons (according to its in- 
tegrated intensity value). 7] ese two groups must be adjacent. Make use of the pat- 
terns illustrated in Figures 13.11 and 13.12 to identify common structural 
fragments. 


ton’s + to — transition. In effect, they seem not to be bonded to a particular 


atom. This rate of exchange can be influenced by impurities in the sample—c* 
pecially water or acids—so the manner in which the sample is prepared can af 
fect the observations of splitting for the signals attributed to the protons bonded 
to an oxygen or nitrogen atom. 


13.3 Interpreting and Predicting 1H NMR Spectra 


For simple spectra that have only alkyl and/or benzene protons, all of the values 
should be about the same, namá IT hus, if all of the splitting of signals looks to be 
equal, then J=7 Hz. (If you want confirmation, you can readily estimate the values: for 
aspectrum recorded on a 200-MHz NMR instrument, 1.00 ppm = 200 Hz; on a 300-MHz 
instrument, 1.00 ppm - 300 Hz; on a 400-MHz instrument, 1.00 ppm - 400 Hz; etc.) 

The following examples illustrate the interpretation procedure. 


EXAMPLE 13.6 


Compound A, C4HgOs, produces the ІН NMR Spectrum shown in Figure 13.14. Draw 
its structure. 


The integrated intensity values are9:3:3) Because the sum of these numbers (2+3 + 
3 = 8) is ће same as the number of hydrogen atoms in the given molecular formula, 
these numbers correspond to the absolute numbers of protons for each feature. This 
molecule has only aliphatic protons (all of the signals are between 0 and 5 ppm), so the 
observation of a triplet and a quartet in a ratio of 3:2 means that an ethyl group is pre- 
sent (Fig. 13.11). The signal farthest downfield has a chemical shift value consistent 
with the presence of a methylene group bonded to an oxygen atom. Thus, this mole- 
cule has the ОСН»СН; group. 

The feature that produces the signal at 8 2.07 has an integrated intensity of 3, 
which means that it is a CHs group. Its chemical shift value suggests that the methyl 
group is adjacent to a carbonyl group, CH4CO. Combining the two fragments, we con- 
clude that this molecule is ethyl acetate. 


wf | c 
CH,—CH;—0—C—CH; Ethyl acetate 


Suppose, however, that you are unsure about the environment of the methyl group 
that produces the peak at à 2.07. Because this feature is a singlet, you know that the 
associated methyl group is bonded to an atom with no proton. If you were to add 
together the atoms that you are certain about, namely, the OCHsCHs and CHs 
groups, you would have C3HgO. This formula differs from the given formula by 
C4HgOs-C$HgO = CO, which is the carbonyl group. By using this approach, you would 


б, 


(3) 


(3) 


b 


2) 


т 
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Figure 13.14 
The 200-MHz ІН NMR for compound A. For the spin-spin splitting patterns, J= 7 Hz. 
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Figure 13.15 

The 300-MHz 'H NMR for 
compound C. For the 
spin-spin splitting patterns, 
J=7 Hz. 
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conclude that the molecule has the СНз, OCH2CHs, and C=O groups, which are as. 
sembled as CHs-CO-OCHeCHs, or ethyl acetate. 


————————— 


EXERCISE 13.5 
Compound В, C5H190, produces the ЇН NMR spectrum shown below. Draw its struc. 


ture. For the spin-spin splitting patterns, /= 7 Hz. & 
^ 
ё 
302) d 
E 5 | 
SRA > 
> у 2 
E 1 j 
J 
Ш) T 
[ T T 1 
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8 


EXAMPLE 13.7 


Compound C, CgHoBr, produces the ЇН NMR spectrum shown in Figure 13.15. Draw 
its structure. ц 


«3 
Newt | 
(2) (2) 


|| ll | 7 
T Г Г 1 
8 j 6 д 2 0 


This spectrum has absorption peaks in two regions: $ 7—7.5 and $ 1-3; therefore, the 
molecule has both aromatic and aliphatic protons. Reading left to right, the integrated 
intensity values are 2:2:2:3, the sum of which equals the number of protons in the 
given molecular formula. The sum of the integrated intensity values in the aromatic re- 
gion is used to determine the degree of substitution on the ring (Section 13.2b). This 
number is 4, which indicates that the ring has two substituents; the appearance of two 
doublets in the aromatic region further tells us that these two substituents are attached 
at positions 1 and 4 (Figs. 13.12 and 13.13). 

“For the aliphatic protons, the observation ofa triplet and a quartet in a ratio of 3:2 
means that an ethyl group is present (Fig. 13.11). The signal farthest downfield has а 


13.3 Interpreting and Predicting 'H NMR Spectra 


chemical shift value that is consistent with a methylene group bonded to the benzene 
ring (Table 13.1). Thus, this molecule has an ArCH3CH; group. 

Adding the atoms assigned so far (C6H4 + CHoCH3) accounts for all of the carbon 
and hydrogen atoms, leaving only a bromine atom to include. This Br must be attached 
to the benzene ring across from the ethyl group. The molecule is Br—CgH4-CHeCHs, 
or 1-bromo-4-ethylbenzene. 


“EXERCISE 13.6 


Compound D, СоН 00, produces the following 1H NMR spectrum. Draw its Eure. 
For the spin-spin splitting patterns, /= 7 Hz. b 
we» E 


no 


10 8 ° 6 4 


EXAMPLE 13.8 


Compound E, CgH) 0, produces the ІН NMR spectrum shown in Figure 13.16. The 


signal at б 2.5 disappears when the sample is treated with D3O. Draw the structure of 
compound E. 


eH 
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a 
Figure 13.16 
The 200-MHz ІН NMR for compound E. For the spin-spin splitting patterns, /= 7 Hz. 


——— 


This spectrum has absorption peaks in two regions:  7-7.5 and 8 2-4; therefore, the 
molecule has both aromatic and aliphatic protons. Reading left to right, the integrated 
Intensity values are 5:2:2:1, the sum of which equals the number of protons in the 
given molecular formula. The integrated intensity value in the aromatic region is 5, so 
the benzene ring has a single substituent and we can ignore the splitting patterns. 
* In the aliphatic region, two triplets are observed; their integrated intensity values 
CON that the molecule contains two methylene groups adjacent to each other (Fig. 
1). Adding the atoms already accounted for (CgHs + CH»CHg) and subtracting from 
the molecular formula (CgH О — CgHg) reveals that a hydrogen and an oxygen atom are 
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present, which means that the molecule has an OH group. The presence of an OR 
group is consistence with the disappearance of the signal at д 2.5 when 050 is added (Eq. 
13.3). Assembling these fragments yields C;SH5-CHs-CHs-OH or 2-phenylethanol. 


EXERCISE 13.7 


Compound Е C5H;9Os, produces the following ЇН NMR spectrum. Draw its structure, 
For the spin-spin splitting patterns, /- 7 Hz. 
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13.3b PREDICTING THE APPEARANCE OF A ЇН NMR SPECTRUM 


If you perform a chemical reaction in the laboratory, you start with knowledge about 
what the structure of the product will be. Proton NMR spectra are used in those in- 
stances to verify that this expected structure was obtained. Although you could simply 
interpret the spectrum in the manner illustrated by the examples in Section 13.3a, it is 
often easier to predict the appearance of the spectrum, and then to see if the actual 
spectrum matches your prediction. This section will present two such examples. 


EXAMPLE 13.9 


Upon oxidizing the following benzylic alcohol (Section 11.4c), you expect to obtain 4 
methylbenzaldehyde. Sketch the !H NMR spectrum of the aldehyde and comment on 
the expected chemical shift and integrated intensity values and splitting patterns that will 
be observed. 1-9. 


CH;OH ES CHO 
MnO, 
гү 
HC нс 


(4-Methylphenyl)methanol 4-Methylbenzaldehyde 


First, evaluate the substructures that are present and estimate the general chemical 
shift ranges (Fig. 13.3). The product has three parts: the aldehyde group (8 10), the 
aromatic ring (8 7-8), and an aliphatic group (6 0-5). 

Next, assign more specific chemical shift values (Table 13.1) and integrated inten- 
sity values: CHO (8 10, 1H), ArH (8 7-8, 4H), and Ar-CH; (82.3, ЗН). 

Finally, include the effects of spin-spin splitting. The aldehyde proton has no other 
protons within three bonds, so it will appear as a singlet. The aromatic protons of the 
1,4-disubstituted ring will appear as two doublets, each with an integrated intensity value 
of 2H (Fig. 13.12), and the methyl group will appear as a singlet because it has no other 
protons within three bonds. The expected spectrum is, 


MM ÀÀ 


13.3 Interpreting and Predicting 'H NMR Spectra 


EXAMPLE 13.10 


In performing the following Williamson ether synthesis (Section 7.2b), you expect to 
obtain ethyl isopropyl ether as the product. Sketch the іН NMR spectrum of this ether 
and comment on the expected chemical shift and integrated intensity values and split- 
ting patterns that will be observed. 


"T 1. NaH, DMF 
> 
2. CH,CH,Br 


HC 


C—O vane 
HC 


First, evaluate the substructures that are present. All of the protons are aliphatic, so 
they will all appear in the range 5 0-5. 

Next, use Table 13.1 to assign more precise chemical shift values; at the same time, 
include integrated intensity values: -CH-O-R (8 3.7, 1H); -CHg-O-R ($ 8.4, 2H); 
(CH3)s-C-O (8 1.5, 6H); CHs-C-O ($ 1.4, ЗН). Note that the substructure in Table 
13.1 used to predict the chemical shifts for the methyl groups is СНз-С-О, which is the 
same for the methyl portion of both the ethyl and isopropyl groups. Slightly different 
values are chosen here so that they can both be seen in the predicted spectrum. When 
the actual spectrum is recorded, you have to be aware that these resonances may be su- 
perimposed or perhaps reversed as to their relative positions. 

_ Finally, include the effects of spin-spin splitting (Fig. 13.11). The protons of the 
Isopropyl group [CH(CHs)s] will appear as a septet and doublet; and the protons 


of the ethyl group [CHsCHg] will appear as a quartet and triplet. The expected spec- 
trum is, 


JA (2) H—C—CH, 
cH, (1) | 
Alli ll | 
T T I T T T T 1 
4 3 2 1 0 
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EXERCISE 13.8 


In performing the following addition reaction (Section 9.1b), you Expect to obtain |. 
bromo-1-(4-chlorophenyl) ethane as the product. Sketch the ЇН NMR spectrum of thi, 
bromo compound and comment on the expected chemical shift and integrated inten. 
sity values and splitting patterns that will be observed. 


\ 


fmc 


N HBr 
aer 
acetic acid 
СІ 


/ 


Br 


СІ 
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13.4a COUPLING BETWEEN DIFFERENT TYPES OF PROTONS 


13.4 Spin Coupling in More Complex Systems 


Pa 


each other (i.e., alkane/alkane; alkane/alkene; alkane/ aldehyde) as well as their stereo- 


chemical relationships, notably those of cis- versus trans-alkenes. Notice also that cou- 
pling sometimes occurs between protons that are separated by more than three bonds. 


_ This type is called long-range coupling, and it is sometimes. (but not always) observed 


when а molecule һаз а benzene ring or x bonds. 

Estimating the values in a spectrum makes use of the relationship that 10 ppm is 
equalin hertz to the magnitude of the spectrometer frequency. Thus, 1.0 2500 Hz 
when the spectrum is recorded on a 300-MHz instrument. In this text, either a scale or 
acomment in the figure caption will be provided to make it easier to estimate /values. 

Many NMR instruments record and print the position (in ppm) of every peak in 
the spectrum. To determine the / values from such spectra is straightforward because 
you can calculate the numeric difference between adjacent peak positions. Multiplying 
that numeral by the number that corresponds to the Spectrometer frequency gives the 
Jvalue. Figure 13.17 shows such a calculation for a triplet feature recorded on a 300- 
MHz instrument. 


This value is the chemical 


CAN YIELD DIFFERENT J VALUES 


In the previous examples, all of the Jvalues are ~ 7 Hz, which is typical for aromatic or 
aliphatic protons engaged in vicinal coupling with each other. When a molecule con- 
tains an alkene, alkyne, or aldehyde group, then the J values may vary. Typical J values 
for several types of coupled systems, which fall roughly into one of three ranges, are 


shift for this feature 


summarized in Table 13.3. These values reveal the types of protons that couple with 


| 


? 4 


Table 13.3 A compilation of / values for во оа systems that engage in spin-spin splitting 


Coupled systems with J = 0-4 Hz | Coupled systems with J = 6-10 Hz | Coupled systems with J = >12 Hz 
Typical J Typical J Typical J 
System value (Hz) System value (Hz) System value (Hz) 
H, H H H H, 
Y ow M d 
=C=C 2 —C—C— 7 с=с 15 
/ \ / \ / 
[e] нь 
А He / He (^ 
y^ tac * 2 —c— 6 
A / N 2 / X 
Hs Cc— 
74 
(geminal coupling) 
Hy > 
2 b H H 
49 a / b 
TR) sts с=с 8 
c, / \ 
Cf 
(four bond coupling) 
H, 
KA > QR / 
Hj H, H, 
(four bond coupling) 


These values are 2.334 ppm 2.334 - 2.309 = 0.025 ppm 
recorded by the Step 1 
NMR instrument | 2.359 ppm 2.309 ppm 1358 - 2.334 = 0.025 ppm 

0.025 x 300 = 7.5 Hz NT 2 

This is 
| | the J value 
T 
2.5 2.0 


Spin-spin splitting patterns created by the coupling of a set of protons with two 


honequivalent types of protons gives rise to features such as "a doublet of doublets”, “a 


doubtetor triplets”; and so on (the smaller multiplicity is named first). One way to con- 
teptualize multiple splitting patterns is to create a splitting tree that starts with a single 
peak at the chemical shift value for a given type of proton. The initial resonance is split 
into n eaks by protons on one adjacent ato eaks is split into 


n+ l peaks by the other set of neighborin protons. An example is presented in Figure 
13.18 for the CHs fragment of propanal, which is split into a doublet of quartets. 


Mom ех me 
ML 
F~ chemical shift for the CH; protons, Н, A 


W 
О 
Hh—6—c—cZ ~ Splitting by the CH, À Splitting by the 
| н. ^, protons, |; aldehyde proton, 
Н, H, H, U = 7 Hz) H, U = 2 Hz) 


n AN H AA Splitting by the 
| | | | | | | | aldehyde proton, 
| 


Н, = 2 H2) 
— Á 
Experimentally observed 


pattern: doublet of quartets 


К 


Experimentally observed 
pattern: doublet of quartets 
E __ 

Figure 13.18 


Atree Structure for mapping the coupling in propanal between the aldehyde and the methyl 
Stoup protons with the protons of the methylene group. 
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Figure 13.17 

An example showing how to 
obtain the chemical shift and 
Jvalue from a ІН NMR 
spectrum recorded on a 300- 
MHz instrument that gives the 
numeric positions of the _ 
peaks. 


. Splitting by the 
CH; protons, 
Н. J = 7 Hz) 
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Figure 13.19 

A tree structure for mapping 
the coupling in 1- 
bromopropane between the 
methylene and methyl group 
protons with the protons of 
the central methylene group. 
The second splitting is offset 
slightly to show that the 
central peaks of the final 
pattern are actually a sum of 
two or three resonances with 
the same 6 values. 


Figure 13.20 

Diagrams illustrating how to 

deconstruct splitting patterns 
to determine the number of 

neighboring protons. 
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The СН» resonance is coupled on one side with a methyl group (3 protons, /= 7 Hz 
and on the other side with the aldehyde proton (1 proton, /= 2 Hz). As illustrated in 
this figure, the order in which you conceptualize the splitting is irrelevant: The resulting 
pattern is the same. 

Multiple splitting occurs even when the same types of protons are coupled. [n 
these cases, however, the splitting pattern appears to follow the n + 1 rule because the 
Jvalues are the same. For example, the central methylene group іп l-bromopropane i; 
coupled both with a methyl and a methylene group, as illustrated in Figure 13.19. The 
J value for each coupling is 7 Hz, so the final pattern appears as a sextet, which is what 
you would predict by assuming the central methylene group is adjacent to five protons 
(5 + 1 = 6). Thus, if the same types of protons on different atoms are involved in cou- 
pling, it is sufficient to apply the n + 1 rule to the total number of protons on the adja- 
cent atoms. The most common examples you will encounter are those of the propyl 
and isobutyl groups. 


~n~ Chemical shift for the CH; protons, Нь 


itting by the CH; protons, H, U = 7 Hz) 


Splitting by the methane protons, Н, ( = 7 Hz) 


The final pattern appears as a sextet and 
is labeled as such. It is technically a triplet 
of quartets, however. 


When interpreting a complicated spectrum, you may not immediately see the mul- 
tiplicity ofa feature. If not, you will have to "deconstruct" the pattern to determine how 
many different values there are. Each /value is associated with a specific coupling sys- 
tem as well as the number of neighboring protons (Figure 13.20). 


] Multiplicity = triplet =3 H Multiplicity = doublet of doublets 
(only a single J value). (two different J values, J, and J;). 

| | | There have to be two | | | There have to be one each of two 
neighboring protons different types of neighboring 

(3-122) protons (2—1- 1 and 2—1=1). 


"n 


[cd 
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RCISE 13.9 


Draw a splitting tree to show the patterns for each of the three features—methyl, meth- 
ylene, and methine—in a generic isobutyl group, (СНз) 2CHCH3X. Assume that all of 
the / values equal 7 Hz. 


А 
EXAMPLE 13.11 


Compound С, СоН:Оз, has the ЇН NMR spectrum illustrated in Figure 13.21. The 
signal at 8 12.4 disappears when the sample is treated with D20. Draw the structure 


of G. 2 


(3) 4—15 Hz 
(2) 
_ (1) (1) 

(1) TMS 
Л 

T T Г T T T T 

12 10 8 6 2 0 

ô 
Figure 13.21 


The 300-MHz ІН NMR spectrum for compound G. 


The ratios of integrated intensity values, as given by the NMR instrument, are 1:1:2:3:1 
from left to right. This sum is equal to the number of protons in the molecular 
formula. 

The signal at б 12.4 is the resonance for a carboxylic acid proton. The broadness 
of this signal and its disappearance when the sample is treated with D9O are consistent 
with the presence of a COOH group. 

The sum of the integrated intensity values for the region б 6-8 is > 5, which indi- 
cates that this molecule has both aromatic and alkene protons. The features at 8 7.77 
and 545 have the same [values (~ 15 Hz), and each corresponds to one proton, so 
these signals are assigned to protons in a trans-alkene. The five protons associated with 
the remaining peaks in this region are likely those of a monosubstituted benzene 


a: Assembling these fragments generates the structure of trans-3-phenylpropenoic 
acid, 


EXAMPLE 13.12 


The Spectrum of compound Н, СНО», is shown in Figure 13.22. Draw the structure 
9f compound H. 
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(3) 


4—15 Hz 


Figure 13.22 

The 800-MHz ЇН NMR 
spectrum for compound H. 
(a.) Full range spectrum and 
(b.) expanded regions. 


This spectrum has absorption peaks in two regions] 5.5-6 Jna $ [CCS therefore, the 
molecule has both alkene and alkyl protons. Reading left to right, the integrated inm- 
tensity values are 1:1:2:3:3, the sum Of which equals the number of protons in the given 
molecular formula. 

We can assign the features at д 6.95 and 5.85 to protons attached to a carbon-car 
bon double bond (C3H;). Е 

The features at б 4.2 (two protons) and at 6 1.3 (three protons) have the same J val- 
ues (7 Hz), so these two groups constitute an ethyl group (Fig. 13.11). The chemical 
shift of the methylene protons (9 4.2) indicates that this ethyl group is attached to an 
oxygen atom, so the molecule contains the ОСН»СН; group. 

The feature at 5 1.9 is associated with a methyl group (3 protons), and its chemical 
shift is consistent with bonding to an alkene carbon atom (CHs-C-C). 

Adding the atoms assigned so far (CHo + ОСН»СН; + CH3) and subtracting from 
the molecular formula (СНуОз-С5Н оО) leaves a carbon and an oxygen atom, which 
equals the carbonyl group. There are three ways to assemble all of these fragments, and 


13.4 Spin Coupling in More Complex Systems 


these are shown in the following scheme along with estimated coupling constants— 
from Table 13.3— ог the indicated protons (H,, Hj, and CHs-C-C). 


HC H H3C COOCH;CH H CH 
NE d DE GE M ЖЕ 
FCR FC с=с 
Нь COOCH,CH, н Н, н, COOCH;CH; 
Сну, Ha) 2 2 2 
J(CH3, Нь) 7 7 2 
J(H,, НЬ 15 7 2 
ZS 


The values tabulated for the trans isomer match most closely the data obtained from the 
actual spectrum [Fig. 13.22(b.)] which shows three different Jvalues (3, 7, and 15 Hj, so 
the structure for compound H is ethyl trans-2-butenoate. 


HC H, 
с=с 
нь COOCH,CH; 


eee eee 


EXERCISE 13.10 


Compound J, C;HoN, produces the following !H NMR spectrum. Draw its structure. 


5 ^w 467 Hz 

| h x 
k li 

| T^ 
“О 2 vu TR i | | 0 


“EXERCISE 13.11 


Compound K, C4HgO, produces the following 1H NMR spectrum. Draw its structure. 
Expanded regions of the spectrum are shown in the box. 


—+|-—2 Hz 


4-7 Hz 


(2) 


n- E 
1 


| тм 
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T 
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Figure 13.23 
Chemical shifts for IC NMR 
spectra. 
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13.5 CARBON NMR SPECTRA 


13.5a CaRBON NMR SPECTRA RESULT FROM THE SAME ABSORPTION 
Process THAT PRobucEs 1H NMR SPECTRA 

The phenomenon that gives rise to the NMR signals for 1H nuclei is identical to that 
for 1С nuclei. A 2C atom has no unpaired nuclear spin, but its isotope IC has ап ad. 
ditional neutron, for which there is an associated spin-change transition when the nu- 
cleus is placed in a magnetic field. | 

Another way that ЇН and !8C NMR spectra are alike is that individual carbon atom 
resonances, like proton resonances, differ from one another and fead to a range of 
chemical shifts. These chemical shifts arise because of the electron distribution within 
the carbon framework, so inductive effects and magnetic anisotropy influence the fre- 
quencies at which resonances appear. The 13С chemical shifts in most organic mole- 
cules cover a range of ~ 220 ppm and are measured from the resonance for the methyl 
carbon atoms of TMS. A summary of Ї5С chemical shifts is presented in Figure 13.23. 

Despite their similarities, differences between ІН and 5C NMR spectra also exist, 
The first difference is that the gyromagnetic ratio, ү, for carbon is about one-fourth that 
for a proton. The frequency needed to cause resonance will therefore be different, 
given the same field strength used to record ІН NMR spectra. Consequently, proton 
and carbon resonances do not appear together in the same region of the spectrum. 

Another contrast between ЇН and !3C NMR spectra is in the strength of the signals 
observed. In ЇН NMR spectroscopy, nearly every hydrogen atom contributes to the res- 


Ketone [ЖОБО] 
Aldehyde Eee 
Carboxylic acid E L c—o 
Acid chloride 
pag] 
Ester Б 
Aromatic ae) 
Alkene рна] 2 
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Alkyne 
3° alcohol 
2° alcohol 
1° alcohol 
CH groups 
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13.5 Carbon NMR Spectra 


onance signal because the isotopic abundance of !H is almost 100%. For carbon, the 
patural abundance of 15С is only 1.1%, which means that most of the carbon nuclei are 


not involved in the resonance process. Furthermore, the sensitivity of a nucleus to the 
spin-change transition is proportional to ү, so even if the isotopic abundance of !8C 


were the зате аз that for Н, the sensitivity for carbon would sill he only 1/64 that for 
hydrogen. The lower magnetic sensitivity, coupled with the low abundance of !?C, 
means that the overall sensitivity for carbon is 6000 times less than that for hydrogen. 

The low isotopic abundance of 13C manifests itself in another way. Recall that the 
presence of neighboring protons leads to spin coupling of the proton nuclei (Sections 
19.2 and 13.4). The chance is small that two neighboring carbon atoms are both pre- 


sent as the 18С isotope. Thus 18С-13С splitting is not observed unless a compound is 
prepared using starting materials that are isotopically enriched with °C, 


A final difference is that spectra are not normally integrated. 


13.5b THE APPEARANCE OF A !3C NMR SPECTRUM VARIES ACCORDING 
TO THE AMOUNT OF PROTON COUPLING 


Proton and carbon NMR spectra look quite different. The 13C NMR spectra are usually 
presented as a series of singlets, which is unusual for proton spectra, except of the simplest 
compounds. To understand why, you have to consider the effects of !3C-'H coupling. 

The low abundance of !8C accounts for the absence of !3C-}3C spin-spin splitting. 
The same is true for lack of C-1H splitting in the proton spectrum. The likelihood that 
a proton is bound (or near) a ЇЎС atom is quite low. The converse is not true, however. 
А 8С atom in a molecule will almost certainly be within three or four bonds of a pro- 
ton. These nuclei can undergo spin-spin coupling, and several different J values are 
possible, as summarized in Figure 13.24. 


Чен Jou ey 
BCH 3C—C—H BC—C—C—H 
J=125-150 Hz J=5-10Hz J=0-1Hz 


The 13C NMR spectrum of allyl chloride is shown in Figure 13.25. Here, all of the 
possible spin-spin splitting patterns between the protons and the !5C nuclei are ob- 
served. Allyl chloride has three different carbon atoms, each of which can couple to the 
five protons. There should be at least three С-Н coupling constants for each carbon 


140 120 100 80 60 40 20 0 
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Figure 13.24 

The effect of intervening 
bonds on the 'H-!8¢ 
coupling constant, Joy. 


Figure 13.25 

The 75-MHz 3C NMR 
spectrum of allyl chloride 
without decoupling. 
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atom, leading to complex multiplets at every chemical shift value. The splitting of each 
resonance into several peaks, in addition to the low sensitivity of the carbon nuclei, ex. 
plains why the spectrum has small peaks relative to the baseline “noise” (although most 
13C NMR spectra are not as noisy as this one). Fortunately, most !8C spectra are not 
recorded with coupling to protons; otherwise spectra of compounds with even as few 
as 10 carbon atoms would be too complex to interpret. 


13.5c THE BROAD-BAND DECOUPLED SPECTRUM IS THE SIMPLEST 
Format ОЕ A 13C NMR SPECTRUM 


Suppose we record the 13C NMR spectrum of allyl chloride as we irradiate the sample 
with a second radio frequency source covering the proton NMR range. ‘his process, 
called broad-band decoupling, equalizes the populations of the proton's two spin states 


(+% and —/$), and the average proton spins influencing the carbon resonances are 


therefore constant. The influence of complete proton decoupling on ће !8C spectrum 
of allyl chloride is shown in Figure 13.26. 

The broad-band decoupled spectrum is the most common type of IC NMR spec- 
trum. Its simplicity is apparent, and the chemical shift for each carbon atom is readily 
obtained. In fact, a resonance for every carbon atom can often be observed in a broad- 
band decoupled spectrum, even if a molecule has 20 or 30 carbon atoms. The only dis- 
advantage of the broad-band decoupled spectrum is that all coupling information is 
lost. However, coupling in the ЇН NMR spectrum is more useful for analyzing the in- 
terconnectivity between hydrocarbon fragments. 


—CcH,—Cl 


Figure 13.26 

The broad-band decoupled 
13C NMR spectrum of allyl 
chloride, showing the 
effect of complete proton 140 120 100 80 60 40 20 0 


decoupling. 8 


13.5d OTHER TECHNIQUES ARE USED TO DISCOVER THE TYPES OF 
HYDROCARBON UNITS THAT ARE PRESENT 

A broad-band decoupled !®C NMR spectrum, like that in Figure 13.26, does not allow 

you to discern which types of hydrocarbon fragments (CH, СН», and СНз) are present 

Therefore, several techniques have been developed to obtain data about coupling be- 


tween carbon and hydrogen atoms. 
One method, called off-resonance decoupling, is similar to the broad-band de- 


off-resonance decoupled spectrum of allyl chloride. 


13.5 Carbon NMR Spectra 
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The difference between a broad band and an off-resonance decoupled spectrum 
is that spin-spin splitting is observed in the latter. The observed J value does not cor- 
respond toa "real" C-H coupling constant, however; because it depends on how far the 
decoupling frequency is from the proton range. The overall effect is to decouple all but 
the attached protons from each carbon atom, so only the one-bond coupling (Yeu, Fig. 


13.24) is observed. Thus, the signal for a carbon atom in an offresonance decoupled 
spectrum 


* Appears as a singlet if it has no proton attached. 

* Appears as a doublet if it has one proton attached. 
Appears as a triplet if it has two protons attached. 

* Appears as a quartet if it has three protons attached. 


Except for the one in methane, no carbon atom can have more than three protons 
attached. 

Another technique used to obtain information about which hydrocarbon frag- 
ments are present is called DEPT 13C NMR spectra (distortionless enhancement by po- 
larization transfer = DEPT). This technique is now used more often than the 
off-resonance method to obtain data about the presence of CH3, СН», and CH groups 
in a molecule. The DEPT technique is made possible by programming the NMR spec- 
trometer's computer to pulse the sample with specific patte i ies 
уп the 1H and 13C resónance ranges. These pulse sequences result in spectra in 
x ich only certain types of | hydrocarbon groups can be observed. The DEPT spectra of 
peas pen tanone are shown in Figure 13.28. Notice that the carbonyl carbon atom 
an б not have a signal in any of the DEPT spectra, but it does display a resonance at ё 

in the broad-band decoupled spectrum. 

d Apart from some exercises at the end of this chapter, you will be told throughout 

G remainder of this text how many protons are attached to each carbon_atom that 

сев a signal in the broad-band decoupled 1С NMR spectra. Whether this num- 

er of hydrogen atoms is obtained from either DEPT or off-resonance decoupled spec- 
1S not crucial to the interpretation process. 


è 
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Figure 13.27 

The off-resonance 
decoupled !5C NMR 
spectrum of allyl chloride. 
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Figure 13.28 

The broad-band decoupled 
spectrum (bottom) and DEPT 
spectra for the hydrocarbon 
groups in 2-methyl-3- 
pentanone. 
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13.6 INTERPRETING 13C NMR SPECTRA 


13.6a EXPERIMENTAL CONDITIONS FOR 13C AND 1H NMR 
SPECTRA ARE SIMILAR 


The NMR spectrometers used to obtain carbon spectra are normally the same as those 
used to record proton spectra. The spectrum is plotted over the range from 5 250 to 0 
in the same manner as for a proton spectrum, with TMS on the right and the upfield 
and downfield relationships defined accordingly. Integrated intensities of the peaks are 
not calculated. 

The most important data obtained from а 1C NMR spectrum.are.the positions of 
the absorptions in ppm (the chemical shifts). In addition, an off-resonance decoupled 
or DEPT spectrum is recorded to find how many Н atoms are attached to each carbon 
atom. 

Although solvents containing protons can be used to record 13C NMR spectra, 
deuterochloroform (CDCls) is the most widely used. Its single carbon atom resonance 
is split into three peaks by coupling to the deuterium atom (deuterium has a nuclear 
spin I= 1). Because the relative abundance of !5C in the solvent is the same as in the 
sample, symmetric compounds are used as solvents to minimize the number of extra- 
neous peaks. 


13.6b 13С NMR Spectra CAN ВЕ USED TO IDENTIFY FUNCTIONAL 
GROUPS CONTAINING CARBON ATOMS 


The !3C NMR spectrum provides a straightforward way to determine which carbon- 
containing functional groups are present in a molecule. Because only the carbon atoms 
can be observed with this technique, the presence of functional groups such as O-H, 
S-H, М-Н, МН», N-O, МО», S=O, and SO; cannot be detected directly. To interpret 
the spectrum, the chemical shift data summarized in Figure 13.23 are used to identify 
the types of carbon atoms present. The off-resonance decoupled or DEPT spectrum is 
used to find the number of protons attached to each carbon atom. 


nc трЕнЕр 


13.6 interpreting 13C NMR Spectra 


For each of the following compounds, indicate which of the carbon atoms marked with 
an arrow will have an absorption farther downfield: 


a. 5 V b. е pe c. 


соосн, вс. AX CH; 
H [ 
о 


Absorptions in the region farthest downfield from TMS indicate the presence of 
only a few compound types. In С spectra, the region from $ 160 to 250 is where car- 
bony! carbon resonances appear. For example, Figure 13.29 shows the 13C NMR spec- 
trum of an aliphatic ketone, 2-butanone. 


20-2 107150 


CH,CH,CH,—C=N 


—сн, 
о 
Ї P 
CH,—C—CH,—cH, сњ 
о 
j 
—C—cH,— 


\ 
С=О 


/ 
il E 


200 160 120 80 40 0 


The region between à 100 and 160 is that in which compounds with 50? and nitrile 
carbon atoms display resonances. An alkene usually exhibits an even number of peaks 
for the double-bonded carbon atoms, unless the molecule is symmetrical or two of the 
carbon resonances fortuitously have the same chemical shift value. The 8C NMR spec- 
trum for a terminal alkene is unique among compounds that have a carbon-carbon 


one proton attached to each carbon atom, so its peaks in an off-resonance decoupled 
Spectrum appear only as singlets or doublets. 

Another way to differentiate arenes and alkenes is by the number of resonances. A 
benzene ring with unsymmetrical substitution ma have as many as six carbon reso- 
"lances, as illustrated in Figure 13.31. You have to be careful, however, because if the 
Substitution pattern is uns; ieal, then only two or three peaks may be observed. Av 

The region between д 70 and 109 is where alkyne carbon-atom resonances appear, 


and the only overlap is wi ances for some types of 4° carbon atoms. For each 


triple bond, there will be two carl esgnances, unless the com i i 
| ; i 7 Ss pound is symmetrical. 47 /L/ 
Finally, the region betweeri $ 0 and 5 is that in which sf? carbon-atom resonances 
appear. Assignment of the alkyl carbon resonances to specific fragments is sometimes 


Cult, because there may be several possibilities for each chemical shift value. The 
offresonance decoupled or DEPT spectrum may help narrow the choices. 
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[00-259 C=O 
00-166 S* af 
40-100: C= 
0-9 : gC- 


Figure 13.29 

The broad-band 
decoupled 1С NMR 
spectrum of 2-butanone, 
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Figure 13.30 

The off-resonance 
decoupled !5C NMR 
spectrum of 4-bromo- 
1-butene, showing the 
expected triplet at 6 118 
for the terminal -CHs 


group. 


Figure 13.31 

The broad-band decoupled 
15C NMR spectrum of 
3-bromotoluene, showing 
the six peaks correspond- 
ing to the nonequivalent 
benzene carbon atoms. 
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EXAMPLE 13.13 


Assign the type of carbon atom to each peak in the broad-band decoupled spectrum of 
compound L illustrated in Figure 13.32. Be as specific as possible. 


From the data given in Figure 13.23, use the chemical shift values to make assign 
ments. The resonance farthest downfield ($ 164; no attached proton according to the 
DEPT results) is assigned to a carbonyl carbon atom with no hydrogen atom attached. 
Specifically, it could be from a carboxylic acid, an acid chloride, an ester, an amide, oF 
an acid anhydride. 

The peaks in the region ё 146-130 correspond to benzene carbon-atom res 
nances. The substitution pattern of the ring must be unsymmetrical because all six 9 
the carbon-atom resonances are observed. Three of the carbon atoms have an attach 

jhydrogen atom (DEPT results), and three of the carbon atoms have a substituent bë 


sides hydrogen. 
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DEPT spectrum 

ô 164.0 OH 

è 146.4 он ~~ 
$ 139.8 он 

$ 132.6 CH 

8 131.6 OH 

8 127.0 CH 

$ 126.3 CH 


Figure 13.32 
The broad-band 
decoupled !3C NMR 


[ Т T T T Ted TT T 
Е ору EI 
200 180 160 140 , 120 100 80 60 40 20 | Г The DEPT нна 2 
| ; esults are 
b é уу 2 eom ё. summarized in the box. 


EXERCISE 13.13 


Assign the type of carbon atom to each i i 
| peak in the following broad-b 
spectra; be as specific as possible. The DEPT results are Webmail eris "en pes 


a. 
Е e 
$ DEPT spectrum hr 
8 206.2 - 
8 134.1 ы 
} 8 129.2 он — 
? $ 128.5 CH 
$ 126.6 CH 2%. 
$ 50.7 CH; | Stay GD 
$ 29.0 
| 
220 200 180 uo auk Ттр 
60 40 20 
2-5. В 0 
b Де ЛГ 
j Ф ( 
DEPT spectrum сїз, M бй) 
| 
Axe | 
(СРС) 
20 — 200 180 0 
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13.ба 13C NMR ЅРЕСТКА CAN ВЕ USED TO CONFIRM OTHER 
ASSIGNMENTS 


Another use for I*C NMR data is to check structural assignments that ap уе uc 
from other types of spectra. These data are summarized in Table 13.4. B i оз 
think that a compound under study contains an ester functional group mi "s 4 
substituted benzene ring, you will expect to see a resonance in the С NI spec- 
trum between 9 155 and 175 for the carbonyl group and four peaks in the region 
between ô 110 and 135 for the benzene carbon atoms. Furthermore, the emi as- 
signed to the carbonyl carbon atom and to two of the benzene carbon atoms wi have 
no attached proton. The remaining peaks in the aromatic region should be elo 
with CH groups, which can be identified by using the Gf resonance decoup! ^i о 
DEPT spectra. Similarly, you should be able to confirm H NMR assignments y ol 
serving peaks for the various hydrocarbon fragments in the DEPT °С spectrum. 


EXAMPLE 13.14 


identi ІН NMR spectra in Example 13.6 (Section 
For the compound identified from the Н р à : 
13.32), use iie data in Table 13.4 to predict where peaks will be observed in the broad- 
band, the off-resonance decoupled, and the DEPT !8C NMR spectra. 


identified in Example 13.6 is ethyl acetate. This molecule has an ester 
habe auras atom, a methyl dub attached to the carbonyl group, a CM 
group attached to the oxygen atom, and a methyl group attached to d methyl E. 
group. Their expected ІС chemical shifts, which are summarized as follows, are de- 
duced by correlating the substructures with the data in Table 13.4: 


8 20-30 o 8 40-85 
н. ae E (2—8 20-30 
—CH,—CH 
8 155-175 СЕНЕ es 


The off-resonance spectrum will display features with n + 1 peaks according to the 
number of protons (n) attached to each carbon atom. 


Quartet o Tripiet 
ы As 
Y CH;—CH 
Singlet Р 2 


The DEPT spectra will display peaks for two methyl groups and one methylene 
group. The signal for the carbonyl carbon atom will not appear in the DEPT spectra, 
80 you can conclude that it has no proton attached. 


| EXERCISE 13.14 


For each of the compounds identified from the ЇН NMR spectra in Pumps 
18.7-18.10, use the data in Table 13.4 to predict where peake will be observed in 
broad-band, the off-resonance decoupled, and the DEPT !8C NMR spectra. 
B eS MT CRM ЫЫ 


Chapter Summary 
Table 13.4 Expected !3C resonances for confirmation of structural assignments. 


Expected peak(s) in the broad-band 


Functional or structural group decoupled '?CNMR spectrum (8) 


Acid chloride (-CO-CI) 1 peak, 185-165 


Alcohol (-C-OH) 3? 1 peak, 850 
2° 1 peak, 75-60 
1° 1 peak, 70-40 


Aldehyde (-CHO) 
Alkene 

Alkyne 

Amide (-CO-NR;) 
Amine (-C-NR;) 
Anhydride (-C-O-co-) 
Benzenoid compounds 
Carboxylic acid (-COOH) 
Ester (-COOR) 


1 peak, 205-175 

2 peaks,? 150-110 
2 peaks,? 100-70 

1 peak, 180-160 
1-3 peaks, 75-20 

2 peaks,? 175-150 
2-6 peaks,? 155-110 
1 peak, 185-160 


1 peak (C=O), 175-155 
1 peak (R), 85-40 


2 peaks,? 85-40 
1 peak, 225-175 
1 peak, 130-110 


Ether (-С-О-С-) 
Ketone (-CO-) 
Nitrile (-C=N) 
Methine group (CH) 


1 peak, 60-30 
Methyl group (CH3) 1 peak, 30-20 
Methylene group (CH3) 1 peak, 45-25 


“May observe only one peak because of. Symmetry or pseudosymmetry in the molecule. 
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Section 13.1 Chemical shifts and proton equivalence 


* Nuclear magnetic resonance (NMR) s 
sorption by a proton or neutron leads t 
fluence of a magnetic field. 


pectra are produced when energy ab- 
о a change in its spin state under the in- 


Secondary magnetic fields created by the electrons within a molecule either op- 
pose or enhance an externa] magnetic field, shielding the nucleus to varying de- 
grees. These shielding effects change the energy needed to cause the spin 
change that underlies the resonance phenomenon. 

Protons in a molecule that experienc 
field are magnetically equivalent. 


The absorption frequency for a given proton relative to that for the protons in 
tetramethylsilane (TMS), is the chemical shift. The chemical shift values of mag- 
netically equivalent protons are identical. 


The relationship between chemical shift values is indica: 
(more shielded nucleus) and downfield (less shielded 
The two main factors that influence chem 
and magnetic anisotropy. 

Magnetic anisotro; 


fields created by 
bonds. 


e the same influences from a magnetic 


ted by the terms upfield 
nucleus). 


ical shift values are inductive effects 


py effects result from the inhomogeneous local magnetic 
the distribution of bonding electrons, particularly those in x 


CHAPTER SUMMARY 
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* The areas under the peaks of equivalent protons are proportional to their tota] 
number and are called the integrated intensities of those peaks. 


Section 13.2 Spin coupling in simple systems 

* The spins of nonequivalent neighboring protons create yet another set of lo- 
calized magnetic fields that can influence chemical shift values. These effects 
are smaller than those of the electrons and the external field and manifest 
themselves by "splitting" the primary absorption peak. 

* Spin coupling is most influential when the nuclei affecting each other are Sepa- 
rated by three or fewer bonds. 

* Three-bond coupling is called vicinal coupling; two-bond coupling is called 
geminal coupling. 

* The magnitude of the coupling is given by the value, the coupling constant. 

* Protons attached to an aromatic ring couple only with other ring protons. 


Section 13.3 Interpreting ЇН NMR spectra 


* Interpretation of a ІН NMR spectrum makes use of the integrated intensity val- 
ues, chemical shifts, and splitting patterns with their associated values. 


Section 13.4 Spin coupling in more complex systems 
* The value is characteristic of the environment of the protons that undergo cou- 
pling, and it can provide information about stereochemistry. 
e Coupling that occurs between more than two sets of protons having different J 
values gives rise to complex patterns such as “doublet of doublets”, “doublet of 
quartets”, and so on. 


Coupling between more than two sets of protons with similar J values can be 
treated using the n + 1 rule for the total number of protons on the adjacent 
atoms. 


Section 13.5 Carbon NMR spectra 

* The C NMR spectra are useful to probe the environments of carbon atoms in 
a molecule. The resonance effects are the same as those that generate !H NMR 
spectra. 

* The primary difference between !3C and ЇН NMR spectra is appearance. Car- 
bon spectra are usually composed of single lines, one for each carbon atom. 

* Coupling occurs between carbon and hydrogen nuclei, but the primary tech- 
nique for obtaining IC NMR spectra, called broad-band decoupling, eliminates 
the effects of the proton spins toward the carbon nuclei. 

* Coupling between a carbon nucleus and its attached protons is available by two 
techniques: off-resonance decoupling and distortionless enhancement by po- 
larization transfer (DEPT). These techniques are used to establish the presence 
of CH, CH», and СНз; groups. 


Section 13.6 Interpreting C NMR spectra 
* Interpretation of a ІС NMR spectrum makes use of both chemical shifts values 
and coupled spectra (offresonance or DEPT) that reveal which types of hydro- 
carbon fragments are present. 
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А z KEY 
section 13.1b І Section 13.10 Section 13.3 T 
magnetically equivalent integrated intensity values deuterium exchange 
Section 13.1c Section 13.2a Section 13.5c 
shielding | spin-spin splitting broad-band decoupling 
chemical shift vicinal coupling 
downfield geminal coupling Section 13.5d 
upfield the n + 1 rule offresonance decoupling 
deshielded multiplicity DEPT !3C NMR spectra 
shielded coupling constant, J 


magnetic anisotropy 


ADDITIONAL EXERCISES 
13.15. For each of the following structures, identify each group of chemically equiv- 
alent protons: 


a. b. с. 
CH 
2 соон ct CH; 
сно CH,CH,—CH— CH, ‘on 
d e. £. 
CH H CHOH 


| 
- но no, CH,—CH—CH 
н CH; з 3 


13.16. Arrange each of the following groups of compounds in order of increasing 
chemical shift of the proton shown in color: 


n OH COOH 
CHCH,CH,—CH—CH, CH;CH;CH; —CH—CH; CH;CH;CH,—CH—CH, 


о о 
| | 
CH,—C—CH;CH, CH,—CH,—C—CH, EN 


COOH CHO 


FoF of 


CH,CH;CH;CH,CI CH;CH;CH;CH;CI CH3CH,CH,CH,CI CH3CH,CH,CH,Cl 
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13.17. For each of the following compounds, indicate which proton will have its ab- 


sorption peak farther downfield: 


a. b. (ей 
н —H H-— 


Й | 
Liy} 
CH4CH;CH; — C— CH; CHO 


13.18. For each of the following compounds, indicate which carb эп atom will have its 
absorption peak farther downfield: 


a. b. с 
| Fd 


1 | | 
Оор} 
CH;CH;CH,—C— CH, CHO 


13.19. Predict the splitting pattern (singlet, doublet, triplet, doublet of doublets, etc.) 
that would be observed for the signal of the indicated proton. 


a. b. €. 


CH;CH;CH,—Br CH;CH,CH,— OH (CH;),CH—SH 


0, CH; Br CH; H 


13.20. Predict the splitting pattern (singlet, doublet, triplet, etc.) that would be ob- 
served in the off-resonance decoupled C NMR spectrum for the signal of the in- 
dicated carbon atom. 


a. b. ©. 


CH;CH,CH,—Br CH,CH,CH,—OH (CH,),CH—SH 


H H s H 


13.21. Sketch the expected !H NMR spectrum for each of the following compounds. 
Estimate the approximate values for the chemical shifts, and show splitting Ner 
applicable (assume that only vicinal coupling is observed). Indicate the integrate 
intensity values of each feature. 


a. b. €  CH,CH, cl 
\ / 


С=С 
ДА / ` 
H H 


Additional Exercises 


13.22. For the compounds shown in Exercise 13.21, 


sketch the broad-band decou- 
pled C NMR spectrum, estimating the approxima 


te values of the chemical shifts. 


13.23. Using ІН NMR Spectra to differentiate between each of the following pairs of 
isomers, explain what absorptions you would look for, commenting on the expected 
chemical shifts, integrated intensity values, and splitting pattern for each. 


a. 


HC==C—CH,CH,CH,OH ` о o 
RN Cy me and Jen 
CH;CH,CHO Pr 
pcm 
H 


13.24. What would you look for in the broad-band decoupled 5C NMR spectrum to 
differentiate between the isomers shown in Exercise 13.23? Explain what absorp- 
tions you would look for, commenting on their expected chemical shift values and 
the types of hydrocarbon groups that would be observed in the DEPT spectra. 


13.25. In performing the following reactions, what differences in the ІН NMR spec- 


tra would you expect to see? Explain what absorptions you would look for, com- 


menting on the expected chemical shifts, integrated intensity values, and splitting 
patterns. 


ek b. 
OH о 
mL. =, Р s " Br; ud CH,OH ињ 
CHCl, T ES 


13.26. For the reactions shown in Exercise 13.25, explain what differences you will see 


in the broad-band and DEPT 13C NMR Spectra between the reactant and product 
in each. 


13.27, Thé TH NMB\Spectrum of compound Y, СНО, is shown below. What is the 
Structure of Y? Using 13C NMR spectra to Support your conclusion, what would you 
look for in the broad-band and offresonance decoupled spectra? 


ү € 
+ 
BE 
> 
РД 
E v 
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13.28. Ап unknown compound with the formula C9H,3N produces the following ly 13.30. An unknown compound with the formula CsHgN produces the following !3C CH 
NMR spectrum. Draw its structure. and !H NMR spectra. Draw the compound’s structure. For the spin-spin splitting T 


patterns, J = 7H. 


м 
13C NMR spectrum Re 
DEPT spectrum N 
Qc 
811889 он N N 
" TMS 8 26.09 CH, C 
LC HEN | 8 25.94 w CH. 
lean T T T T T | 8 21.77 CH; 
120 100 80 60 . 40 20 0 
1H NMR spectrum ~ 
1 2 (6) 
< ) E 
[: oou a de umso CE q bm | T | è Cts „7 
8 7 6 5 4 3 2 1 0 $ \ | 
s Я (pM Cus - QC) С NJ 
\ 5 \ 2 L 
2) (n Pe 
13.29. An unknown compound with the formula СНО produces the following Зару 
13C апа 'H NMR spectra. Draw its structure. | v 
ША Ше е, It 
13 
Rm DEPT spectrum SO T 
е à 2 
us 521477 0H 3 юу Y i 0 
өү. ô 4226 cH à 
M 
к “| 


TMs 8 40.80 єн, 
j ô 1823 CH; 


8 17.24 CH; 13.31. A compound with the formula CeHsCIsNOs produces the following ІН NMR 


1 
200 50 160 up 120 


è 13.81 CH spectrum. What is the substitution pattern of the benzene ring? For the spin-spin split- 
19 80 40: 0 1 ng patterns, / = 7H. 2 5 а . 
Е © Н pH 42/5. 
1 , 
Н ММК ѕресігит o X \ ld 
1 N gF H 
H NMR spectrum N e i 


a 


) 
o a) 
$ 
N 
3 
À 
T T | 
_ 0 
e en de hee be озу, „ы ГГ ЛГ 
9 $^ BAIL 8 PA y6Y5127 6 
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13.33. Ап unknown compound with the formula C9H;;Br produces the following 1С 


13.32. The following two 'H NMR spectra represént isomeric ketones with the for- 
and !H NMR spectra. Draw the compound's structure. For the spin-spin splitting 


mula СНО. Draw the structure of each molecule. For the spin-spin splitting 


patterns, / = 7H. 


!H NMR spectrum 


patterns, / = 7H. 


Pc NMR spectrum 


DEPT spectrum 


$ 140.45 0H 


3) 
f 8 128.45 CH 
8 128.41 CH 
TMS 5126.07 CH 
; (2 Su | 8 34.14 CH, 
х i T I= T T T 7 5 33.96 CH; 
( (2)* 150 125 100 э. 50 25 0 $ 32.98 CH; 
| jl ЇН NMR spectrum 
2) 2) (2) 
T T T T T T T 
8 7 6 4 3 2 1 0 
8 (5) 
T T T T rs | t T 
8. 7 6 5 4 3 2 
5 Binak 
т ES ДЬ @4 
3S Tyo 
IH NMR spectrum ps S) 
Š (е) 
X 
^ ec 
= С-г 
1 
4 
а 
$ 
s 
me 
(2) ( SE 
| ul T t J 
Т T T p 3 2 
8 7 6 4 
5 


CHAPTER 


14 


DETERMINING THE STRUCTURES 
OF ORGANIC MOLECULES 


444 CHAPTER 13 Proton and Carbon NMR Spectroscopy 


13.34. An unknown compound with the formula Сену О» produces the following 
13C and ІН NMR spectra. Draw the compound's structure. 


13C NMR spectrum 


DEPT spectrum 

5 194.04 OH 

8 160.06 CH 
TMS $ 132.07 CH 

8 25.87 CH, 


T а 1196 CH, 
40 0 


I 441 ANALYTICAL DATA IN STRUCTURE DETERMINATIONS 
14.2 MASS SPECTROMETRY 

143 INFRARED SPECTROSCOPY 

| 144 COMBINED STRUCTURE DETERMINATION EXERCISES 
$ CHAPTER SUMMARY 


(3) 


(2) » 

| E : тте previous chapter (Chapter 13), you learned how to interpret ЇН and !5C NMR 
== ку тр @ spectra in order to establish the structures of organic molecules. Such detail about 
3 253, 1 0 > those procedures in an introductory textbook reflects a practical reality of organic 


chemistry in the early twenty-first century, namely, that NMR spectra are so routinely 
recorded and used in determining structures that even many undergraduate laboratory 
courses make use of NMR techniques. Infrared and mass spectra, two topics presented 


- ae Я in this chapter, can also provide useful information about molecular structures. Their 
47 Hz 4р7 Hz Я use in structure determinations is not as routine, however, so they are not always inter- 
b. preted in the detailed manner applied to NMR spectra. This text will reflect that dif- 

= ference by discussing with less rigor the data obtained from IR and mass spectra. 


This chapter begins with a discussion of analytical data other than spectra that are 
useful for the structure elucidation Process. You will then learn what information about 
structures can be obtained from mass spectrometry and TR spectroscopy. The chapter 
concludes by presenting several examples that integrate data obtained from elemental 


10 9 2 1 


8 8 F 14.1 ANALYTICAL DATA IN STRUCTURE DETERMINATIONS 
1 E o 


[ 14.1a Tur DETERMINATION OF MOLECULAR STRUCTURES REQUIRES 
E DATA THAT Is OBTAINED ON Pure COMPOUNDS 


f 1 The structure determination process can vary according to the context in which it is 
ў Performed, and you are likely to encounter three common situations: 


C 
^ ut 
| \ 


Ur Ob" Cp = Ch 


* Verification of the structure of a reaction product. 
* Identification of the structure of a reaction byproduct. 
* Determination of the structure of a complete unknown. 


2 Verification is needed when you are certain about the outcome of a particular re- 
“ton. For example, the oxidation of l-octanol to form octanal can be carried out with 
PCC in methylene chloride (Section 11.4c). 
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POLLO er, = 
OH “crcl, YY ST (84%) 


Here, you know the structures of both the starting material and product, so you сап 
calculate the molecular formula of each substance, and you are already aware of which 
functional groups are present and how many hydrocarbon units each contains, for ex. 
ample. When you record the spectra to verify the product’s structure, you will already 
have a good idea what to look for. 

Suppose instead that you were to oxidize 1-octanol with aqueous chromium (у) 
oxide, and you obtained two products: 


CrO; COOH 
BP BPS OOS 
OH HO + A 


There is a reasonable chance that compound A has eight carbon atoms and shares 
many structural similarities with the starting alcohol. In this situation, you might have 
a good idea about the molecular weight of A or about the functional group that is pre- 
sent. You can therefore look for corroborating data in the spectra you record, keeping 
in mind that unexpected information may come to light as well. 

The third scenario plays out when you isolate a compound from a less well defined 
source. For example, you might be interested in isolating compounds contained in the 
leaves of the Princess Tree (Paulownia tomentose) in your backyard, so you extract several 
leaves with methanol. 


Р. tomentosa extract leaves 
with СНОН 
In this case, you are not likely to know much about compound B—its MW, its func- 
tional groups, or even which atoms the molecule contains. The data that you need to 
collect in order to determine the molecule’s structure will probably be more extensive 
than what you need to identify the products of a chemical reaction. 

In all three cases, however, the material that you isolate to analyze must be pure; oth- 
erwise, the data you record will reflect the properties of the molecule you want to iden- 
tify as well as those of any impurities that are present. Crystallization, distillation, and 
sublimation are three physical separation methods that are routinely used in the organic 
laboratory to purify compounds. Chromatographic methods are sometimes more con- 
venient to separate the desired analyte from impurities, and high-performance liquid 
chromatography (HPLC) and thin-layer chromatography (TLC) are two analytical tech- 
niques that are routinely used to verify the purity of compounds being investigated. 

Assuming that you can perform a suitable separation, you still need an indepen- 
dent assessment of the purity of the isolated compound. Elemental analysis is one such 
method, and it can be used at the same time to determine a compound's molecular for- 
mula. Many scientific journals require elemental analysis data to be reported for the 
characterization of chemical compounds as a means to judge purity. 


14.1b ELEMENTAL ANALYSES DATA CAN ВЕ USED To DETERMINE 
THE EMPIRICAL FORMULA 


Data from elemental analyses are routinely obtained by combustion, gravimetric, and 
atomic absorption spectroscopy methods; the details of these techniques will not be dis 
cussed here. Suffice it to say, if analytical data are needed, we can submit a sample of 
the compound to a commercial analytical lab. By applying the appropriate methods, 
they determine the composition of the sample and report the mole-percent of each el 
ement except oxygen, the amount of which is determined by difference. By calculating 
the mole ratios, we can determine the compound's empirical formula by the procedure 
presented below. The formula of an organic compound always lists carbon first, the? 
hydrogen, then the remaining elements in alphabetical order. 


14.1 Analytical Data in Structure Determinations 


—————————————————— 


EXAMPLE 14.1 


The elemental analysis of a sample containing C, H, and O gave the following results: 
C, 78.8%; H, 8.32%. What is the empirical formula of this compound? 


MM MM — 


First, calculate what percentage of the compound is oxygen. This computation is done 
by subtracting the sum of the percentage values of C and H from 10046. 


100.00 — (78.8 + 8.32) = 12.88% О 


The percentage values of the elements mean that if you have 100 g of this compound, 
78.8 g would be C, 8.32 g would be H, and 19.88 g would be O. From these amounts, 
we calculate how many moles of each element are contained in 100 g of compound: 


788gc fas =6.6561molC  832gn|.LmolH |. 8.954 mol H 
12011 gc 1.008 gh 


12.88 g O | 1010 | _ 0.8063 mol O 
16.00g O 


Next, we divide each number of moles by the smallest number (0.8063 mol of O in this 
example) to obtain the mole ratios (notice that one of these numbers will be 1.00): 


6.6561 пої. ву, — 8254molH ууз 0.8063 molO _ 106 
0.8063 0.8063 0.8063 


These ratios are now substituted into the generic molecular formula C.H,O,. Round- 
ing to integral values gives the empirical formula. 


Ca.14H 10,201.99 = CgHq9O 


The molecular formula will be a multiple of the empirical formula; in this example, 
that means 


CsHi9O ог CigHo90; ог C24Ha903 апа so оп 
ees 
EXAMPLE 14.2 


The elemental analysis of a sample containing C, H, N, and O gave the following re- 
sults: C, 54.8%; H, 10.1%; N, 10.5%. What is the empirical formula of this compound? 


—— 


First, calculate what percentage of the compound is oxygen by subtracting the sum of 
the percentage values of C, H, and N from 100%. 


100.0 — (54.8 + 10.1 + 10.5) = 24.6% О 
gre hundred grams of this compound would contain 54.8 g C, 10.1 g H, 10.5 g N, and 


-6 g O. From these amounts, we calculate the number of moles of each element: 


54.8 1 mol С = lmolH )_ 
gc (тис. ee 4.5624 molC — lO0lgh 1.008 gh = 10.020 mol H 


10.5 A molN |]. lmolO \_ 
gn [i "E 0.7496 mol N 24.66go 1908gO = 1.5364 mol O 


447 


CHAPTER 14 Determining the Structures of Organic Molecules 


Next, we divide each number of moles by the smallest number (0.7496 mol of N in this 


example) to obtain the mole ratios: 


45624 mol C _ 609 10.020 molH _ 1, 4 0.7496 mol М 109 15864molQ _ o 
0.7496 0.7496 0.7496 0.7496 


These ratios are now substituted into the generic molecular formula Сн „О, 
Rounding to integral values gives the empirical formula. 


C6.09H13.4N1.0902.05  CeHq3 NO; 


EXERCISE 14.1 


The elemental analysis of a sample containing C, H, O, andS gave the following results: 
C, 35.9%; H, 5.83%; S, 23.7%. What is the empirical formula of this compound? 


should be within ~ 0.3%. For example, the data for the compound in Example 14.2 
would indicate that this compound is “pure”. 


CeHi3NO, FW = 131.18 Calculated С, 54.9496 Н, 9.99% N, 10.68% 
Found С, 54.8% Н, 10.1% М, 10.5% 


If you are dealing with an unknown substance, then analytical chromatographic meth- 
ods such as TLC or HPLC have to be used to augment the data from elemental analysis. 


14.1с THE MOLECULAR FORMULA PROVIDES INFORMATION ABOUT THE 
PRESENCE OF DouBLE BONDS AND RINGS IN A MOLECULE 


In addition to obtaining an elemental analysis, we could also have the analytical lab de- 
termine the compound’s molecular weight using freezing point depression, boiling 
point elevation, or vapor-phase ‹ equilibration. (Section 14.2b will describe the use of 
mass spectra to obtain accurate mass data.) Knowing both the empirical formula and 
mass of a compound tells you the compound's molecular formula, and that in turn can 
be used to calculate the number of sites of unsaturation, which аге the л bonds and 
rings that a compound has. 

For a molecule with the general formula C,H4(X) О» where (X) =F Cl, Br, or 
I, use the following equation to calculate the number of sites of unsaturation: 


(2п+ 2) -m- pq 
2 


No. of sites of unsaturation = (14.1) 


Thus, as shown by the following sample calculation, a molecule with the formula 
CsHgClO has one site of unsaturation, which means that it has a single л bond or ring. 
Four structures (of the hundreds that are possible) are included below to illustrate that 
we cannot know specifically what type of 1 bond or what size or type of ring is actually 
present in the molecule. 


2(5)+2 -9-1 
CsHCIO 2992-971 = 1 site of unsaturation = 1 « bond or 1 гіпо 
Examples: OH cl 
о он а СІ b 
Asa AA CI 


1 т Bond 1 = Bond 1 Ring 1 Ring 


14.2 Mass Spectrometry 


sull, if the ІН NMR spectrum were to reveal the presence of an aldehyde group, for ex- 
ample, then we immediately know that the molecule cannot also contain a ring or an- 
other double bond. Therefore, this type of calculation can be used to narrow the 
structural possibilities that need to be considered during the elucidation process. 


“EXERCISE 14.2 
molecule has the formula СН; :№О». How many sites of unsaturation are present? 


[EXERCISE 14.3 

045 

Count the number of sites of unsaturation present in the following molecules, and 
then calculate the number using Eq. 14.1 to verify your answers. 


с 


b. А 
а. CHO 
COOH HC N o 
Br = PA 


с 


142 MASS SPECTROMETRY 


14.2а MASS SPECTRA ARE OBTAINED FROM Gas PHASE IONS 


Mass spectrometry (MS) is a relatively old analytical method, dating from the early 
1900s. (Notice that the technique is called “spectrometry” and not “spectroscopy”.) As 
with every technique, mass spectrometry has blossomed with the development of com- 
puterized instrumentation. Mass Spectrometers are not as commonly available as ММВ. 
instruments are, so they find less routine use in the laboratory. Nevertheless, for ana- 
lyzing extremely small samples (as little as 10-12 8) or complex mixtures that can be 
Separated by gas or liquid chromatography, mass spectrometry is sometimes the only 
technique that will provide any useful data to solve structural problems 
A mass spectrometer accomplishes three basic tasks: 


* Vaporization of molecules. 
* Production of ions from gas-phase molecules. 
* Separation of the gas-phase ions by their mass-to-charge ratios, m/z. 


Although multiply charged organic molecules can be produced in the gas phase, the 
charge (z) most often equals +1, so the m/z value of an ion equals its mass. 

For a typical organic molecule, vaporization is carried out by heating a sample 
under high vacuum (low pressure). The low pressure keeps collisions between the 
molecules and ions to a minimum, which simplifies the analysis. 

One method used to produce ions from gas-phase molecules is by contact with a 
heated filamen t, a process called electron impact (El) ionization. This procedure removes 
ап electron from the molecule to produce a radical cation, a species with a positive 


Charge because it has lost an electron and a radical because it has an unpaired electron. 

M > Mt +e (14.2) 
The radical cation М". is called the molecular ion and has the same mass as the molecule. 
. . The typical energy of the electron impact process is 70 electron volts (eV), which 
траг enough vibrational energy to the molecular ion to cause fragmentation, as 
Shown schematically in Eq. 14.3. One drawback of this ionization method, in fact, is 
that the molecular ion may fragment too readily and escape detection. Obviously, the 
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inability to detect M*- means that you will not be able to measure the compound’s то]. 
ecular weight. 


i FR + F," — > andsoon 
M > mt X" (14,3) 
F; + Е —— Fe + KE —9 andsoon 


Observing the masses of the fragments produced from a molecule provides useful 
structural information, however, so the failure to observe M*- does not negate the util. 
ity of EI mass spectrometry. In the example given by Eq. 14.3, M*- undergoes fragmen- 
tation in two ways. The first produces another radical cation (F2*-) by loss of a neutra] 
molecule (Еу). The second pathway occurs by expulsion of a radical (Fs), leaving a 
cation (F4*). Cation F4* then loses a neutral molecule (F5), producing another cation 
fragment (Fg*). Both processes may continue until the species can no longer fragment, 
or until an especially stable cation is formed. Species that are detected in the mass spectrum 
must carry a charge, so only M*-, F>*-, F,*, and Fg* in Eq. 14.5 will be decis 

Techniques other than electron-impact ionization can serve to produce ions in the 
gas phase and make the detection of M*- more likely. Chemical ionization (CI) uses a 
stream of NH,* or CH;* ions to collide with the gas-phase analyte molecules. The CH;* 


ion (protonated methane) will transfer a proton to just about any other species: 
CH5* + M э CH4 + MH* (14.4) 


The mass of the species produced by this method is 1 amu more than the actual mole- 
cular weight, and this fact must be kept in mind. The same process can be carried out 
with ammonium ions, although molecules that are weakly basic—hydrocarbons, for ex- 
ample—will not accept a proton under these conditions, —— ^ ^— 


NH4* + M — NH3 + MH* (14.5) 


The advantage of CI, especially with the use of ammonium ions, is that MH* accepts lit- 
tle additional energy that can lead to subsequent fragmentation. Therefore, the mole- 
cular weight of the molecule is readily determined. - 

For nonvolatile molecules, especially large, polar biomolecules such as proteins, 
nucleic acids, and polysaccharides with MW values up to 100,000 amu, vaporization can 
be difficult. Several techniques developed in the past two decades circumvent this 
volatility problem, which has led to significant advances in applying mass spectrometry 
to biochemical research. Some of these methods are briefly described below. 


* Field desorption (FD). A sample of the analyte is deposited on needle tips that 
have been grown from a wire. An electric current and heat passing through the 
wire create positive ions at the tips of the needles. Because the wire also carries 


à positive charge, electrostatic repulsions cause the cations to leave the surface 


and enter the gas phase. 

* Laser desorbtion (LD). The sample is bombarded with short, intense pulses of 
laser light wi or IR wavelengths that correspond to the absorption maxima 
of the analyte. Transfer of energy to the electronic or vibrational excited states 
causes molecules of the analyte to enter the gas phase. Matrix assisted laser de 
sportion (MALDI) is an alternate technique in which a secondary compound ab- 
sorbs the laser energy and then transfers it to the analyte. 

* Fast atom bombardment (FAB). This technique makes use of momentum transfer 
between accelerating xenon atoms and analyte molecules, which forces the mol- 
есше into the gas phase. The sample is first dissolved in several microliters of 
glycerol, and the analyte molecule enters the gas phase as МН“, which is often 
the most abundant ion in the resulting spectrum. This method is especially usc 
ful for determining molecular weight values. 


14.2 Mass Spectrometry 


o Secondary ion mass spectrometry (SIMS). This technique is similar to the FAB 
method, except that momentum transfer comes from a stream of cesium ions. 


Irrespective of the method used to create the gas-phase ions, a mass spectrometer 
generates the actual spectrum by first se arating the ions—a task accomplished by a 
combination of electric and/or magnetic fields to control either the distance or speed 
that the ions move in going from the sample chamber to the detector—and then plot- 
ting the relative numbers of each ion reaching the detector (the relative-intensity) ver- 
sus m/z. A simple example of an EI mass spectrum is shown in Figure 14.1. 

The spectrum shown in Figure 14.1 is considered "low resolution", because it sep- 
arates fragments that differ by integral amu values. The region with the highest m/z val- 
ues corresponds to M*., unless the molecular ion undergoes fragmentation too readily. 
Because most elements have isotopic formis; iso pepe а Tid to 1)" 
and even (М + 2)*- are also observed. These are described in more detail in Section 14.2b. 

The largest peak in a mass spectrum—the one with a relative intensity of 100%— 
is the base peak, which corresponds to the mass of an ion that is long lived and reaches 
the detector in greater quantity than any other. For 2-butanone, the base peak is 
CH3CO* (m/z 43). 

Except for the molecular ion peaks, the remaining lines in the spectrum result 
from fragments that are formed as the molecular ion breaks down. Although the process 
of fragmentation may seem random, there are limited pathways available to any molec- 
ular ion. Carbocation stability (Section 6.2b) often correlates with the structures of 
species that might be detected as long-lived fragments in a mass spectrometer. = 
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Figure 14.4 , 


The EI mass spectrum of 2-butanone (MW 72.11) with significant peaks identified. 


142b Mass SPECTRA ARE COMMONLY USED TO DETERMINE THE 
MOLECULAR WEIGHT AND FORMULA OF A COMPOUND 


io determine the molecular formula of a compound from a mass Spectrum, you first 

FR at the peaks with the highest m/z values and determine the compound’s MW. With 

у Тог FAB mass Spectrum, remember to subtract 1 amu from the m/z value of the peak 

ee Consider to be M*- because that peak actually corresponds to the species MH* 
€ction 14.23). 


100 
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When the molecular ion peak is observable, isotope peaks for (M + 1)*., and even 
for (М + 2)* are also evident. To understand their genesis, look again at Figure 14.1. 
The compound that produces this spectrum is 2-butanone, C4HgO. For carbon, its two 
principal isotopes are 1*C and !?C; for hydrogen they are ІН and ?H; and for oxygen, 
they are 160, 170, and 18O (see Table 14.1). Thus, the peak at m/z 79 corresponds to 
the sum of the principal isotope masses, !?Cy!Hg!®O (4 х 12) + (8x 1) + (1x 16) = 79. 
The peak at m/z 73 results from compounds that have the formulas CIC! H4160, 
1? C? H1H;160, and 12С,1Н8170. 


EXERCISE 14.4 


Based on the isotopes given in Table 14.1 for C, H, and O, what six formulas can give 
rise to the (M + 2)*- peak at m/z 74 for 2-butanone? 


a 
The intensities of the isotope peaks are e ie ea eaten 


taining each particular isotope and are always less intense than the molecular ion peak 


unless the molecule contains more than one Cl or Br atom (Section 14.2c). For exam- 
ple, ІС and 1$С exist in nature in а 99:1 ratio, which means ~ 1% of the carbon atoms 
in any sample will be 13C. Thus, only ~ 1 in 25 molecules of 2-butanone (which has four 
carbon atoms) will have а !3C atom and a mass of 73 instead of 72. The ratio of inten- 
sities of M*- and (М + 1)* should therefore be about 25:1, as observed. 

Unless Cl, Br, and/or S are present (Section 14.2c), you will probably observe one of 
ће four patterns shown in Figure 14.2 for the molecular ion region of a mass spectrum. 

Pattern (а.) shows a compound with readily discernable molecular ion (M*-) and 
(М + 1)* peaks. Here, the (M + 2)*- peak is weak and unobserved. In (b), М+., (M+ 
1)*-, and (M + 2)*- are all seen, so the identification of M*- is straightforward. Finally, 
in (c.) and (d.), four (or more) peaks are observed at the highest m/z values. Observa- 
tion of an (M + 3)*- peak is rare, so the peak at the highest m/z value within the group 
must be (M + 2)+., and M+- is the second peak to its left. 

Once we know which peak in the mass Spectrum corresponds to M*., we can de- 
termine the molecular formula of the compound by using high-resolution mass spec- 
trometry. In this technique, the mass spectrometer separates ions in the same way as in 


Table 14.1 Isotopic abundance for elements 
commonly found in organic compounds. 


Isotope % Isotope % 
1н 99.98 31p 100.0 
2H 0.01 
325 95.00 
12¢ 98.89 335 0.76 
зс 1.11 34s 4.22 
365 0.01 
MN 99.63 
1SN 0.37 35¢| 75.53 
37¢| 24.47 
10 99.76 
UO 0.04 79Br 50.54 
180 0.20 81Br 49.46 
19F 100.0 127 100.0 


14.2 Mass Spectrometry 


a b. 
x M* x 
© © 
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Relative abundance, 96 
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a low-resolution instrument, but the separation is carried out more precisely, so ions 
that differ in mass by thousandths or 10-thousandths of an amu value can be detected. 
Exact mass values for the principal isotope of each element are required for high- 
resolution analysis, and these values are given in Table 14.9. Р 

Бог example, molecules with the formulas CsH4No, 4O, and C&Hg all have inte- 
gral mass values of 68. Their exact mass values, calculated using the data in Table 14.2 are, 


CsH4Ne 3(12.0000) + 4(1.007825) + 2(14.0031) = 68.0375 
C4H4O 4(12.0000) + 4(1.007825) + 15.9949 = 68.0262 
C5Hg 5(12.0000) + 8(1.007825) = 68.0626 


Table 14.2 Exact mass values in amu for the principal 
isotopes of common elements 


eee 
Isotope Mass (amu) f M Isotope Mass (amu) 
1H 1.007825 2С 12.00000 


там 14.0031 160 15.9949 
325 31.9721 35¢| 34.9689 
ШЫ: 78.9183 


ee 
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Figure 14.2 

Typical patterns observed for 
the molecular ion region in 
the mass spectrum of an 
organic compound that does 
not contain S, Cl, or Br. 
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A high-resolution mass spectrometer can readily differentiate between these MW 
values, which allows us to determine the molecular formula of the compound bein, 
investigated. Computer software has automated the process further and can calculate 
the molecular formula from the mass value of M*-. 


EXERCISE 14.5 


The molecular ion peak in a high-resolution mass spectrum was observed atom 
122.078. Which of the following is the likely molecular formula: C4H1004, CsH190, ог 
С7НуоМә? 


—_ 


14.2c THE PRESENCE OF NITROGEN, SULFUR, CHLORINE, AND BROMINE 
ATOMS ARE READILY DETERMINED FROM Mass SPECTRA 
The presence of nitrogen in a molecule is readily established when an odd number of N 
atoms are present, because the molecular ion peak has an odd m/z value. This Obser- 
vation, called the nitrogen rule, is a result of the fact that a nitrogen atom bonds to one 
less substituent than carbon. For an even number of nitrogen atoms, of course, the 
mass of M*- will be even, and à high-resolution spectrum will be needed to determine 
how many nitrogen atoms are present. 
The presence of a ifests itself by making the (M + 2) +. peak some- 
hat larger than expected. This pattern, illustrated in Figure 14.3a, occurs because the 
natural abundance of 5 is 4.22% compared with an abundance value for 335 of only 
0.76% (Table 14.1). In other words, the contribution of sulfur isotopes to the intensity 
of the (M + 1)*- peak is less than the contribution to the (M * 2)*- peak. Because the (M 
+ 2)+. peak for most compounds is smaller than the (M + 1)*- peak, the presence of sul- 
fur is readily detected by observing an (M + 2)*- peak that is ~ 1/24 the intensity of M+.. 
The presence of either bromine or chlorineis also readily established from the size of 
the (M + 2)*- peak (Fig. 145b and 14.3c). For each, the (M 1 9]*-peakis )* peak is so much more 
intense than it is for compounds lacking a halogen atom that even a cursory glance at 
the mass spectrum reveals their presence. For chlorine, the relative amounts of Cl 
and "Cl are 75.53 and 24.47%, respectively, and for bromine, the amounts of ?9Вг and 
81Вг аге 50.54 and 49.46%, respectively. Thus the molecular ion region for a com- 
pound with a chlorine or bromine atom has two peaks separated by two mass units with 
a 3:1 or 1:1 intensity ratio, respectively. 


b. c 
M 24 M n3. m l 
M+2 " 4 M+2 ~ 4 M+2 
Mt 
M* si 
M 
M+2* 


Relative abundance, % 
Relative abundance, % 


A 


miz miz miz 


Figure 14.3 
Appearance of the molecular ion region when the following heteroatom is present: (a.) sulfur, 
(b.) chlorine, and (c.) bromine. 


14.2 Mass Spectrometry 


S 
Based on the following EI mass Spectrum, which heteroatom -S, Cl, or Br- is present 
in the molecule that produces this spectrum? 


100 


Relative abundance 


be 
80 M 63 

M+1* 2.55 

M+2* 277 © s$ 
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To determine whether S, Cl, or Br atoms are present, examine the region with the high- 
est m/z values and compare the ratios of the peak heights to those in Figure 14.3 (the 
intensities of these peaks are also listed in the box). The intensity of (M + 2)*. is 
~1/24th of the intensity of Mt- (63/2.77 = 22.7), so this molecule contains S. 


mx a 
EXERCISE 14.6 


Based on the following EI mass spectrum, which heteroatom -S, Cl, or Br- is present 
in the molecule that produces this spectrum? 
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14.24 CHARACTERISTIC FRAGMENTS IN THE MASS SPECTRUM ARE 
ASSOCIATED WITH CERTAIN COMPOUND TYPES 


In the structure identification problems in this text, mass spectra will be used sparingly, 
and then only to determine a compound’s molecular weight, molecular formula, and 
whether N, S, Cl, or Br atoms are present. However, additional information can be 
obtained from a mass spectrum if the ions produced during fragmentation are iden- 
tified. The loss of specific fragments from molecules in certain classes is quite predictable, 

The fragments worth noting are those that produce the peaks with significant in- 
tensities, for example, the base peak, which often corresponds to an especially stable 
ion or cation radical. The general fragmentation patterns for many organic com- 
pounds can be summarized by the following four equations. (In these equations, the 
symbol F- is an abbreviated bracket to indicate that the molecule or fragment exists as 
a cation radical. Using brackets or this abbreviated bracket symbol eliminates the need 
to specify where the charge or unpaired electron is actually located.) 


© Cleavage at branches. Fragmentation of the hydrocarbon portion of a molecule 
occurs to produce the more stable carbocation (3° > 2? > 1°). The larger group 
is normally lost as the radical portion. 


"S +. 
d Gale La 
* o, -Cleavage. The bonds between the atoms that are & and В to a heteroatom un- 


dergo heterolytic cleavage to form a resonance-stabilized cation. This type of 
bond-breaking process for carbonyl compounds is especially important. 


one 


• Loss of a neutral molecule. A cationic fragment, formed from M*., may be cleaved 
further by loss of a stable molecule such as CO, HCN, H20, НСІ, NO, and so on. 


zl 
СУ” СУ + е 


© Rearrangement. When f electrons are situated appropriately, substituents on the 
carbon framework can migrate to produce rearranged species. The following 
process—the McLafferty rearrangement—is a primary fragmentation pathway 
for aliphatic carbonyl compounds. 


| 

H 
x gu 
" eae ком 


A rearrangement is detectible because in its absence, a molecular ion with an 
even mass value cleaves to give fragment ions with odd-numbered masses, and 
vice versa. Thus, observation of even-mass fragments from ап even-mass molec- 
ular ion, or odd-mass fragments from an odd-mass molecular ion, suggests that 
a rearrangement has taken place. A difference of 1 amu between the expected 
and observed mass of a fragment usually means that migration of H has occurred. 


Table 14.3 lists the general fragmentation pathways that several classes of organic 
compounds are known to undergo. With these data in mind, it is often possible to aC 
count for major fragment peaks in a mass spectrum. 
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Table 14.3 Principal fragmentation pathways for classes of organic molecules 


Compound type Principal fragmentation pathways 

Alcohols Loss of a neutral molecule (water, m/z 18); о,В-сіеауаде 
Aldehydes o, B-Cleavage; McLafferty rearrangement (aliphatic) 
Alkanes Cleavage at branches 

Alkenes 9, B-Cleavage; rearrangement 

Alkyl halides Loss of a neutral molecule (HX, m/z 20, 36, 80, or 127) 
Carboxylic acids o, B-Cleavage; McLafferty rearrangement (aliphatic) 
Esters о,В-Сіеачаде; McLafferty rearrangement (aliphatic) 
Ketones a, B-Cleavage; McLafferty rearrangement (aliphatic) 


EXAMPLE 14.4 


3-Hepanone produces a mass spectrum with important peaks at m/z 114, 85, 72, and 57. 


Based on the general patterns listed in Table 14.3, draw the structures of the fragments 
that give rise to these peaks. 


E 


The overall gas-phase process can be représented by the following equation: 
^ 


—— d 
ionization 
dio i dr i — M 
о 


о 


For an aliphatic ketone, 0,В-сІеауаве and the McLafferty rearrangement are the common 
fragmentation pathways. These give rise to the three fragment peaks; M*- = m/z 114. 


o, B-Cleavage 
ar. 
md es XA N and NAAN 
о ot 
míz = 114 miz =57 
«,B-Cleavage 
FT 
"ЛҮҮ —— rer 
Ч i 
mize 114 miz = 85 
McLaffe + 
rearrange А H н] 
о; = on |” H 
AL SA and Y 
miz = 114 miz = 72 


“EXERCISE 14.7 


2Hexanol produces a mass spectrum with key peaks at m/z 102, 84, and 45. Based on 


the general j ; 
patterns listed in Table 14.3, draw the struct 
duce these peaks, structures of the fragments that pro- 
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14.3 INFRARED SPECTROSCOPY 


14.3a INFRARED SPECTRA ARE GENERATED BY MEASURING THE 
ABSORPTION OF HEAT AS A FUNCTION OF FREQUENCY 

Infrared radiation has the energy needed to affect the stretching and bending vibra- 

tions of the bonds within a molecule. Organic compounds, with many covalent bonds, 

often have complex IR spectra. Infrared spectroscopy is used primarily in the inter- 

pretation process as a means to identify functional groups. 


unit because it directly reflects the energies of the vibrations being measured. The 
range of a typical IR spectrum covers the wavenumbers between 4000 and 500 cm-!, 
As with most energy absorption processes in molecules, only certain frequencies of 

IR radiation interact with the bonded atoms. Furthermore, a vibration will only give 
rise to an absorption band in the IR spectrum when there is a change in the dipole mo- 
ment of the bond that is vibrating. A homodinuclear molecule like Hz does not display 
a hydrogen-hydrogen stretching vibration because the dipole moment does not 
change as the hydrogen-hydrogen bond is elongated or compressed. Likewise, sym- 
metrically trans-disubstituted and tetrasubstituted double bonds and internal alkynes 
will not have a peak corresponding to the C=C or С=С stretching mode, respectively. 

“Tfeach covalent bond between two atoms is considered as a spring connecting two 
balls, then we can draw two general conclusions: 


1. The frequency of a vibration will be inversely related to the masses of the atoms 
bonded to one another. Thus, the heavier the atoms are, the ower the frequency 


of the vibration will be. The following examples illustrate this point: 


versus cD 


С=О versus С=5 C-H 
2200 cm! 


1350 cm! 3000 cm“! 


2. The frequency ofa vibration will be directly proportional to the strength of the bond. 


For example, the stretching vibration of a triple bond appears at a higher fre- 
quency than that of either a double or single bond: 


csc С=С cc 
V = 2150 cm! 1650 cm! 1200 cm! 


These examples assume that each set of bonded atoms acts independently of oth- 
ers in the molecule. For an aldehyde group, the assumption is reasonable, because the 
strength of each bond and the masses of the atoms are quite different; so the C-H, 
С=О, and С-С stretching vibrations are relatively independent. 


For a methyl group, however, the three hydrogen atoms have the same masses, and 

the С-Н bonds have similar stre s i i e not independent. Instead, 

———— 2 Т c CH 

the vibrational modes аге coupled and appear as symmetric and antisymmetric СНз 
stretching vibrations. 


a b. 
/ / 
H H 
f / 
UNS TSN 
үү h 
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"C-Hsym = 2872 cm! °С-Ньут = 2962 стт! 


14.3 Infrared Spectroscopy 


manner at the same time (a.); in the antisymmetric vibration, one bond is out of phase 


groups. Each group displays two bands, corresponding to the symmetric and antisymmet- 
ric stretching modes. Coupled vibrations can affect other vibrational modes as well. 
ost of the vibrations that will be discussed below are fundamental vibrations, which 


tone vibrations. Although they are much weaker, overtone vibrations can be important 
in the characterization of certain compound types, notably benzene derivatives 


14.3b INFRARED SPECTRA PLOT TRANSMITTANCE VERSUS FREQUENCY 


An IR spectrometer operates by measuring the differences in energy between two 
beams of IR radiation, one of which has passed through the sample, and one that has 
not. At frequencies where no absorption occurs, the beam that passes through the sam- 
ple remains unaffected. The transmittance а Б the reference beam (the one that 
does not pass through the sample) is defined as 100%. Any absorption of radiation by 
the sample at a specific frequency results in a lower transmittance, leading to an ab- 
sorption band, or peak. A strong band will extend to the bottom of the spectrum 
whereas a weak band may only cause a small dip in the baseline. 

Figure 14.4 shows a typical IR spectrum. The wavelength, A, of the radiation increases 
from left to right as plotted, but the frequency ( V, стг!) decreases, The percent trans- 
mittance of IR energy through the sample is plotted so that decreased transmittance 
(Le., increased absorption) of radiation is toward the bottom of the spectrum. 

Three features of an IR Spectrum that provide information for the identification of 
structural elements are, in order of decreasing importance, 


L. The positions of the bands (in wavenumbers). 
2. The intensities of the bands (weak, medium, strong). 
3. The shapes of the bands (broad or sharp). 


The total IR spectrum has two general regions. T! he portion of the spectrum » 1300 


=] EE А 
т” (1800—4000 ст!) is the functional group region. Most bands in this region 
en Se 
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ui je spectrum of polystyrene (thin film), showing the relationship between wavelength and 
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Figure 14.5 

Regions of an IR spectrum 
used to identify some 
functional groups. The most 
important bands appear in 
regions 1—4. Areas in gray are 
those in which peaks 
associated with carbon— 
hydrogen stretching and 
bending vibrations occur. 
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correspond to bond stretching vibrations. F. requencies < 1300 cm! define the finger. 
print region, because the pattern of bands here is unique for each compound. The finger- 
print region can be used to match the spectrum of an unknown compound with 
spectra of known ones. A perfect match is an unequivocal identification of a substance, 
just as sets of matching fingerprints identify a person. Bending vibrations produce 
many of the bands in the fingerprint region. 


14.3c FUNCTIONAL GROUPS ARE IDENTIFIED FROM AN INFRARED 
SPECTRUM BY LOOKING FOR ABSORPTION BANDS IN 
Four SPECIFIC REGIONS 


A typical IR spectrum can contain > 30 absorption bands, some of which are combina- 
tions of stretching and bending modes. Unlike an NMR spectrum, therefore, many of 
the peaks in an IR spectrum are not crucial for the interpretation process. 

Because the majority of an organic molecule is its carbon and hydrogen frame- 
work, many bands in an IR spectrum are not associated with functional groups. For ex- 
ample, nearly every spectrum in this text has absorptions in the region ~ 3000 cm-!, 
which are caused by C-H stretching vibrations. (When hydrogen atoms are attached to 
Ph bridized carbon atoms Wei absorptions will appear between 3000 and 3200 
стт. When the hydrogen atoms are attached -hybridized carbon atoms, the 
bands appear between 2800 and | 3000 cm-1.) You already know that ІН NMR spectra 
will readily allow you to identify the hydrocarbon groups in a molecule, so bands asso- 
ciated with the C-H stretching vibrations do not provide new information. 

To identify functional groups, look for absorption bands in the regions that are 
blank in the spectra of simple hydrocarbons. These regions are shown in color in Figure 14.5. 
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Wavenumbers, cm ^! 


Region Frequency range, (cm^') ^ Bond types Functional groups 
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ND N-H STRETCHING VIBRATIONS PRODUCE ABSORPTION 
IN THE REGION BETWEEN 3600 Амр 3200 см-1 


The h quen: region ofan IR spectrum is where HT on with O- 
N-H vibrations appear. You may see bands'—- 3500 cm- resulting from wate 


in the sample, so first make certain that the bands in this region belong to the compound 
being studied. Oxygen- and nitrogen-containing functional groups tend to form hydro- 
gen bonds, so the absorption bands associated with OH or NH groups are often broad. 
An N-H stretching vibration produces a band that is usually sharper than one for 
an O-H stretching mode, as illustrated in Figure 14.6. If the spectrum can be recorded 


on a sample in dilute solution to eliminate the effects of hydrogen-bonding, the free 
O-H3tretching vibration produces an absorption between 3600 and 3800 cm= and 


the пеН теліп vibration generates a band betweerj 3500 and 3300 cm-}) Re- 
call that OH groups can be identified in the 1H NMR spectrum because they generally 


undergo deuterium exchange with D20 (Section 13.32) 


Ar 
N 
R—OH R—NH; R;NH Ar—OH Ar—NH; yim 
Ir R 
[s [Ж saan li 1& 


4000 3000 4000 3000 4000 3000 4000 ‹ 3000 4000 3000 4000 3000 
стт! стт" ст! стт! ст"! ст! 
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Figure 14.6 

A comparison of absorption bands for the OH and NH stretching vibrations of both aliphatic 
and aromatic compounds: R-OH, l-propanol; RNHp, butylamine; RoNH, dibutylamine; 
Ar-OH, o-cresol; ArNHp, o-toluidine; ArNHR, Nmethylaniline. The sharper bands at ~ 3000 
cm! are associated with C-H stretching vibrations. 


Table 14.4 Ranges of stretching frequencies for groups 
absorbing in the triple-bond region. 


Saturated Aryl or o,B-unsaturated 
Functional group (стт?) (cm) 
Alkyne, terminal 2150-2120 2140-2100 
Alkyne, internal 2260-2190 2240-2150 
Nitrile 2260-2240 2240-2220 


“The intensities of bands in this region vary. 


Transmittance, % 


Transmittance, % 


100 — 
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The intensity of the nitrile stretching vibration can range from medium to strong, and 
it is usually observed because of the dipole associated with the _CEN bond (Fig. 14.7), 


C—H 
stretch 


с=с 
stretch 


J ( )-—-CeN CEN 
20 stretch 
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Figure 14.7 


. The IR spectrum of benzonitrile (thin film). The band for the C=N Stretching vibration (2200 


100 = 


стг!) is readily apparent. The typical bands for the C-H stretching vibrations (3100 стт!) аге 
clearly seen also. These bands are > 3000 ст-!, so the molecule has sp?-hydridized C-H bonds. 
(Bands between 1600 and 1400 cm-! result from the C-C stretching vibrations of the benzene 
ring.) 


On the other hand, the C=C stretching mode of an internal alkyne is very weak, 
often unobseryable, because the ipole for the C=C bond is essentially zero (Fig. 14.8). 
Remember that for a vibration to be observable, there must be a net dipole change 


when the bond interacts with IR radiation. 


CH,CH;CH; —C==C—CH,CH,CH, 


_| C—H 
20 Ad stretch 
F T T | T Г T rf T T 1 
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Figure 14.8 

The IR spectrum of 4-octyne (thin film). No absorption for the C=C stretching vibration 
appears in the region 2300-2100 cm-! (cf. with the spectrum shown in Fig. 14.9.) The 
hydrogen atoms in 4-octyne are attached to 5p^-hybridized carbon atoms, so the typical C-H 
stretching vibration absorption bands appear between 2800 and 3000 сті. 


Thus, the C=C stretching vibration of a terminal alkyne is usually observed. In addition, 
a strong absorption may be observed at 8300 cm 5resulting from the =C-H stretching 
vibration (Fig. 14.9). 


14.3 Infrared Spectroscopy 

100 

80 
x 
E 60 
E 
Е 40 
c 
£ 

20 CH;CH;CH;CH,CH;CH, — c c— n 


4000 3400 3000 2600 2200 2000 1800 1600 1400 
Wavenumbers, ст? 


1200 1000 800 600 


Figure 14.9 


vibrations are also clearly seen: most of the hydrogen atoms are attached t idi 
О sf^-hybridized 
carbon atoms (2800-3000 cm^!); the alkyne =C-H bond Produces a band at Pie ст. 


EXAMPLE 14.5 


Transmittance, 26 


4000 3400 3000 2600 2200 2000 1800 1600 1400 1200 1000 800 600 
Wavenumbers, ст! 


at 3300 cm, so we rule out the terminal alkyne as a possibility. Because the triple-bond 
absorption is fairly intense, this molecule is most likely a nitrile. The mass spectrum 
Should reveal the Presence of N (odd MW), Also, the C NMR Spectrum should displa: 

а resonance for the nitrile carbon atom (see Table 13.4). ind 


14.3f Tue CARBONYL STRETCHING VIBRATION APPEARS AS AN INTENSE 
ABSORPTION BETWEEN 1600 Амр 1800 смт! 


Весацое the C=O stretching mode i always intense as a result of the large dipole mo- 
nt of the carbon-oxygen double bond, you will rarely confuse it with any other ab- 
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Figure 14.10 

Wavenumber (стт!) ranges for ће C=O stretching vibration in carbonyl compounds, The 
darker color blocks show base values for aliphatic compounds with the specified functional 
group. The lighter color blocks are the ranges for aryl and c. [unsaturated analogues. The 
primary and secondary amides have an additional band in this general region that is nota 


C=O stretching mode. The М-Н group is coupled with the carbonyl group in a bending 


vibration; the positions of these absorptions are indicated by the gray boxes, 


(see Fig. 14.5). Figure 14.10 lists the common carbonyl-containing functional groups 
along with their associated stretching frequencies. 

The variations in stretching frequencies listed in Figure 14.10 result from coupling 

—between the C=O group and the other atoms attached to the carbonyl group. T hese 
combinations depend on the mass of cach atom and the strength of its bonds to the 
carbonyl-carbon atom. 

Hydrogen bonds also influence the carbonyl stretching frequency by lengthening the 
C-O bond and decreasing its strength, as shown in Figure 14.11. Because of hydrogen 
bond formation, the carbonyl group ofa carboxylic acid, which exists primarily as a dimer 
except in dilute solution (Section 2.8c), absorbs at a lower frequency than the carbonyl 
group of the structurally analogous ester. The absorption bands for a 1° (RCONHg) or 2 
(RCONHR’) amide are similarly affected by the formation of hydrogen bonds. 
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\ / \ H stretching vibrations for 
Oise H—O [e] o^ 8 
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Yco 71710 стт! Vco = 1735 стт! Veo = 1720 стт! усо = 1680 стт! hydrogen bonds. 


Some overlap exists between the regions associated with the different carbonyl- 
containing functional groups. For example, a band at 1710 cm™ could be the carbonyl 
stretching vibration of an aliphatic ketone, a carboxylic acid, an aromatic ester, or an 
o,P-unsaturated aldehyde. Additional IR and ЇН NMR data that can be used to differ- 
entiate between these functional groups are summarized in Table 14.5, and sample 
spectra are shown in Figures 14.19-14.16. The position of the carbonyl resonance in 
the 15C NMR spectrum (Fig. 13.23 and Table 13.4) is often unequivocal. 


Table 14.5 Distinguishing features for carbonyl compounds. 


Compound type УСО (cm) Figure Other features to look for 

Acid chloride 1800 Single C=O stretching band at upper end of the carbonyl region 
Aldehyde 1725 14.12 С-Н stretching vibration ~ 2720 cm"; 1H NMR: à 10.0 

Amide (1° or 2°) 1680 14.13 М-Н stretching vibration ~ 3300 cm"! 

Amide (3°) 1650 14.14 Single С=О stretching band at lower end of the carbonyl region 
Carboxylic acid 1710 14.15 О-Н stretching vibration 3500-1500 cm; 1H NMR: 8 12.0 

Ester 1735 14.16 Strong C-O stretching vibration ~ 1200 cmt; may be more intense 


than the C=O absorption 


Ketone 1715 No outstanding features 
“All wavenumber values are approximate base values for aliphatic compounds (see Fig. 14.10). Representative spectra of common carbonyl 


compounds are presented in the indicated figure. 
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is molecule, the hydrogen atoms are attached to sf?-hybridized carbon atoms, so their 
absorption bands appear between 2800 and 3000 ст-!. 
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Figure 14.13 

The IR spectrum of N-methylacetamide (melt). The band for the C=O stretching vibration 
(1660 стг!) is at the low end of the carbonyl region. An absorption band for the N-H 
stretching vibration is observed at ~ 3800 стг! and it is broad, which means that the 
compound is a secondary amide, RCONHR'. The М-Н bending mode produces an absorption 
band at 1570 cm. 
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Figure 14.14 

The IR spectrum of N,N-diethylacetamide (thin film). The band for the С=О stretching 
vibration (1620 сит!) is at the lower end of the carbonyl region. This molecule is a tertiary 
amide, which has no N-H bond, so there is no N-H stretching vibration. Thus, the region 
~ 8000 стт! has only the typical bands for the С-Н stretching vibrations. In this molecule, 
the hydrogen atoms are attached to sf?-hybridized carbon atoms, so their absorption bands 
appear between 2800 and 3000 cm". 
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Figure 14.15 

The IR spectrum of isobutyric acid (thin film). The band for the C=O stretching vibration 
(1710 cm7!) is in the middle of the carbonyl region, so it might be attributed to several 
compound types. The broad and strong band that stretches from 3500 to 2500 стт! is 
diagnostic for the carboxylic acid group, which forms strong hydrogen bonds. Notice that th 
bands for the C-H stretching vibrations appear as sharp peaks between 2800 and 3000 cm j 
(sf?-hybridized C-H bonds), which are superimposed on the broad band of the carboxylic acid 
OH stretching vibration. (The band at 1220 cm-! is the C-O stretching vibration for the : 
carboxylic acid group.) j 
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€ IR spectrum of ethyl propanoate (thin film). The band for the C= tr i g i i 
(1740 ) стг!) is in the upper region of the carbonyl region, so WE compet саа bration 
ester. The intense band at 1200 cm! results from the two C-O stretching vibraBons of he 
ester group. (This band may actua y be more intense than the carbonyl band in some case: ) 
ù this molecule, the hydrogen atoms are attached to 5p?-hybridized carbon atoms, so thei 
absorption bands appear between 2800 and 3000 cme}, PITT 
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EXAMPLE 14.6 
Identify the type of carbonyl compound that produces the following spectrum: 


0 
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Wavenumbers, cm^! 


First, verify that a carbonyl group is present. The strong absorption at 1730 cm! is 
unmistakable. 

Next, decide which functional groups can be eliminated from further considera- 
tion on the basis of the carbonyl peak's position. The data listed in Figure 14.10 indi- 
cate that this compound is unlikely to be an acid chloride, anhydride, amide, or ester 
[unless it is o, -unsaturated or aryl; the region ~ 1600 стт! is blank, so this molecule 
does not have C-C bonds (Section 14.3g)]. Thus, the aldehyde, carboxylic acid, and 
ketone functional groups are possibilities to be evaluated. 

Decide next which of the possible types of compounds is most likely. A carboxylic 
acid will have a very broad band between 3500 and 2500 стт! (О-Н stretching vibra- 
tion; Fig. 14.15). This spectrum lacks such an absorption, so the compound is proba- 
bly not a carboxylic acid. 

Table 14.5 indicates than an aldehyde will have a medium intensity band at ~ 2720 
cm^, which results from the aldehyde C-H stretching vibration. This spectrum does 
have such a band, so there is a good chance that the compound is an aldehyde. As 
Table 14.5 also notes, this assignment could be confirmed by observing the character- 
istic peak in the 1H NMR spectrum at 8 10.0. 


EXERCISE 14.8 


Identify the type of carbonyl compound that produces the following spectrum: 
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14.39 ABSORPTIONS FOR DOUBLE-BOND STRETCHING VIBRATIONS 
APPEAR BETWEEN 1700 AND 1500 см-1 
The last region to examine in the interpretation Process is tat in which oC. hac 
N-O stretching vibrations appear. Table 14.6 summarizes the expected frequericies for 
functional groups that display bands in the region ~ 1600 cm~! 
Many molecules contain carbon-carbon double bonds, but the best method to 


evaluate or elucidate the structures of aromatic com: i 
pounds and alkenes will make use 
of the ІН and 8С NMR spectra, as discussed in Chapter 13. 
Rhe other types of compounds that absorb in the region between 1650 and 1500 
cm"! are those with C=N and N-O bonds. The nitroso (-N=O) and nitro (-NOg) 


groups are fairly easy to identify because their bands are very intense, like absorptions 
for carbonyl compounds. Furthermore, the nitro group, which is the more commo: 
has шо bands (Fi ig. 14.17): the symmetric stretching vibration between 1600 and 1500 
cm” andthe antisymmetric stretching vibration between 1390 and 1300 стт!. 


Table 14.6 Frequency ranges for vibrations appearing in the double-bond region. 
Compound type Bond Fi 


requency range? (ст-?) 
с — — — ÓAE e Кт L 

Alkene С=С 1670-1640 (w-m) 
Arene С=С 1650-1400 (v) (3-4 bands) 
Imine CzN 1690-1640 (m) 
Nitroso N-O 1600-1500 (s) 
Nitro N-O 1600-1500 (s) 

1390-1300 (s) 


“Weak = w, medium = m, strong = s, variable = v. 
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1 € IR spectrum a nitrobenzene (thin film). The bands for the C=C stretching vibrations 

d ~ 1600 cm and have only medium intensities. The bands for the nitro group are very 

КЕ ae and appear at 1520 and 1340 cm-l. The typical Dands forthe C-H stretching vibrations 

Bio А F early seen: the hydrogen atoms are attached to sf?-hybridized carbon atoms 

MA 00 em ). The weak absorptions between 3000 and 2800.cm-! result from overtone 

ia the nitro group, not from С-Н stretching vibrations. (It is always wise to check the 
Spectrum to verify the types of CH groups present.) 
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14.4 COMBINED STRUCTURE DETERMINATION EXERCISES 


At the beginning of this chapter, you were presented with three commo 


* The molecular formula (elemental analysis or mass spectra). 

* The functional group(s) that are present (IR spectra). 

* The hydrocarbon groups that are present (ЇН and 5C NMR spectra). 
* The links between the substructures (1H NMR spectra). 


To illustrate how a combination of analytical data can be evaluated to determine the 
molecular structure of an unknown compound, several examples are presented below, 


EXAMPLE 14.7 


Draw the structure of compound 1, which has the following IR and !H NMR Spectra, 
Elemental analysis provides the following results: C, 88.295; H, 11.8%. A low-resolution 
EI mass spectrum shows the MW = 68 amv, 
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14.4 Combined Structure Determination Exercises 
1. Use the analytical data to determine the em 


We know that this compound contains only 
total 100%. The MW value from the mass spe: 


2, Calculate the number of unsaturation sites: [2(5) +2~8 
tion. This means that compound 1 contains 
a ring, two rings, ora triple bond. 


]/2 = 2 sites of unsatura- 
two double bonds, a double bond and 


cm is the alkyne С-Н stretching vibration. At this stage, 
ing substructure is present: -С=С-Н 

4. Examine the ІН NMR spectrum. There are four features, one of which must cor- 
Tespond to resonance for the terminal alkyne proton (-C=C-H). The NMR data 
are summarized in Table 14.7. 

5. Use the multiplicity and inte 
nectivity between pairs of hy 
compound 1 is, 


grated intensity of each feature to establish the con- 
drocarbon groups (see Fig. 13.19). The Structure of 


H;C—CH,—CH,—cec—u 


Table 14.7 Proton NMR data for compound 1. 


Chemical Integrated No. adjacent 
Shift (ppm) 


intensity Assignment Multiplicity Protons (n) 
2.15 2 zC-CH; 


Triplet 2 
191 1 =CH Singlet 0 
1.58 2 ch, Sextet 5 Propy group 
0.97 ( 3 2 


3 CH3 Triplet 
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EXAMPLE 14.8 


Draw the structure of compound 2, which has the following IR, 9C NMR, апа ЇН N 
spectra. Elemental analysis (C, H, O) provides the following results: C, 62.10%; H, 10.35%, 
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14.4 Combined Structure Determination Exercises 


1. Use the analytical data to determine the em 


CsH1202. 


2. Calculate the number of unsaturation sites: [2(6) +2 
tion. Compound 2 contains one double bond or one 


Pirical formula (Section 14.1b): 


- 12]/2 = 1 site of unsatura- 

ring. 

3. Examine the IR spectrum. The strong absorption at 1740 сг! 
С=О stretching vibration. The equally strong absorption at ~ 12 
tent with the presence of an ester functional group. 


is attributed to a 
00 стт! is consis- 


4, Examine the !ЗС NMR to determine the types of carbon atoms present. The very 
weak intensity resonance at $ 177 is consistent with the presence of an ester car- 
bonyl group. All of the other carbon resonances are in the aliphatic region. All of 
the data are consistent with the presence of a single site of unsaturation. 


5. Examine the ІН NMR spectrum. There are four features with a total integration of 


12 protons, consistent with the empirical formula. The ЇН NMR data are summa- 
rized in Table 14.8. 


6. Use the multiplicity and integrated intensity of each feature to establish the con- 
nectivities between the pairs of hydrocarbon groups (see Fig. 13.11). 
The structure of compound 2 is, 


сн, О 
H3C—CH—C—O—CH,—CH, 


EJ 


Verify the presence of the hydrocarbon groups using the DEPT portion of the !5C 
NMR spectrum. Realize that the two methyl groups of the isopropyl fragment are 


equivalent, so the 5C NMR spectrum should display only five resonances, which it 
does. 


Table 14.8 Proton NMR data for compound 2. 


Chemical Integrated No. adjacent 
shift (ppm) intensity Assignment Multiplicity protons (n) 
4.12 2 CH;-O Quartet 3 
2.51 1 CH-C-O (Septet 6 
1.34 3 CH; Triptet 2 
1.15 6 CH3 (2)? Doublet 1 


"The number in parentheses is the number of methyl groups present. 


Ethyl group 
Isopropyl group 


473 


474 CHAPTER 14 Determining the Structures of Organic Molecules 


EXAMPLE 14.9 


Draw the structure of compound 3, which contains C, H, and O and has the followin, 
IR, !5С NMR and ІН NMR, spectra. From the high-resolution CI mass spectrum, 
MW = 178.0994. 


14.4 Combined Structure Determination Exercises 475 


- 


. Examine the 13C NMR to determine the number and types of carbon atoms pre- 
sent. There are three types: C-O, aromatic (given in color in the DEPT table), and 
aliphatic. A benzene ring has 6 carbon atoms, and there are 5 additional reso- 
nances in the spectrum. Start with the assumption that the compound has 11 car- 
bon atoms. 


2, Examine the integrated intensity values in the ЇН NMR spectrum. The total is 14. 
Start with the assumption that the compound has 14 hydrogen atoms. 

80 ~ : . Use the high-resolution data to determine the molecular formula with the initial 
X Ў E assumption that there are 11 C atom’ and 14 H atoms (Section 14.2b): СНО». 

60 4 Б Calculated MW = 178.09935; observed MW = 178.0994. This formula is consistent 
Š 3j with the data. (In actual practice, computer software would be used to calculate the 

40 + ; 3 
i 
o 


i 


formula from the MW value. The first three steps of this exercise are given to 
1 demonstrate that the NMR spectra of simple compounds often reflect the actual 
f numbers of C and H atoms. Thus, with accurate mass data, you can determine the 
Jo f molecular formula without relying on a method of trial and error.) 


TY 4. Calculate the number of unsaturation sites: [2(11) + 2- 14]/2 = 5 sites of unsatu- 
] | bc чыр. Ta | i P ion. The NMR data reveal that this molecule has a b ing, which accounts 

4000 3400 3000 2600 2200 2000 1800 1600 1400 1200 1000 каноп. пе : эшоес as a benzene ring, which accoun 
Wavenumbers, ст! [ for four sites of unsaturation (three double bonds and a ring). Therefore, com- 
: " pound 3 contains one double bond ог опе ring in addition to the benzene ring. The 
5 13C NMR spectrum shows (Step 1) that this molecule has a carbonyl group, which 

DEPT spectrum k; р жым E 
1 is the "fifth" site of unsaturation. 


Transmittance, 96 
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13C NMR spectrum 


PG on > | 5. Examine the IR spectrum. The strong absorption at 1730 стт! is attributed toa 
| | 
I 


TMS 8 130.28 сно Ж ; C-O stretching vibration. The broad and strong absor tion between 3500 and 

ILL | | ! 8 128.61 cH” М 2500 ст! is consistent with the presence of a carboxylic acid functional group. 

Т Т 1 8 126.60 он The resonance іп the ІН NMR spectrum at б 12.0 is also consistent with the pres- 
0 ? 


200 160 120 80 40 8 38.80 C. x ence of a carboxylic acid functional group. 
8 8 33.23 CH; > = 
8 22.34 cH, - S 


8 13.89 CH, ~ 


6. Examine the ЇН NMR spectrum. There are seven features with a total integration 
Я of 14 protons. The ІН NMR data are summarized in Table 14.9. The resonance for 
1 the carboxylic acid proton (8 19.0) was already mentioned in Step 5; the aromatic 
region has the two-doublet pattern associated with a 1,4-disubstituted benzene ring 
зуб Я (Fig. 13.19). 
7. The multiplicities and integrated intensity values for the aliphatic protons are con- 
E. sistent with the presence of a butyl group. The structure of compound 3 is, 


i o 
m | 1 
E 2 CH;CH,CH,CH, C—OH 


(2) (2) 
\ Я 
(1) | Table 14.9 Proton NMR data for compound 3. 
Ei 
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CHAPTER 14 


Determining the Structures of Organic Molecules 


EXAMPLE 14.10 


Draw the structure of compound 4, which contains C, H, and O and has the followin, 


1H апа C NMR spectra. The high-resolution CI mass spectrum reveals MW = 110.0735, 


7H NMR spectrum 


Total {y+ окол: 1 x Ё 
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1. Examine the '3C NMR to determine the number and types of carbon atoms pre- 


sent. There are three types: C-O, alkene (given in color in the DEPT table), and 
aliphatic. Start with the assumption that the compound has six carbon atoms. 


2. Examine the integrated intensity values in the !H NMR spectrum. The total is 10. 


Start with the assumption that the compound has 10 hydrogen atoms. 


3. Use the high-resolution data to determine the molecular formula, along with the 


initial assumption that there are 6 C atoms and 10 H atoms (Section 14.2b): 
CgHj9O has a MW = 98.0732, which is 12 amu less than the integral mass value 
given by the mass spectrum. Adding an additional carbon atom gives G7H90: Cal- 
culated MW = 110.0732; observed MW = 110.0735. 


4. Calculate the number of unsaturation sites: [2(7) + 2 — 10]/2 2S sites of unsatu- 


ration. Both ІН апа ІС NMR spectra reveal that this molecule has an alkene dou- 
ble bond, and the 5C NMR spectrum shows that this molecule contains a carbonyl 
group. These functional groups account for two of the sites of unsaturation. Unless 
the molecule is highly symmetric and has two equivalent carbonyl or alkene 
groups, the molecule also must contain a ring to account for the three sites. 


5. Examine the ІН NMR spectrum. There are four features with a total integration of 


10 protons. The 'H NMR data are summarized in Table 14.10. 


14.4 Combined Structure Determination Exercises 


Table 14.10 Proton NMR data for compound 4. 


Chemical Integrated No, adjacent 
shift (ppm) intensity Assignment Multiplicity protons (n) 
7.49 1 zC-H Doublet 1 
5.95 1 =C-H Doublet 1 
2.22 2 CH;-C-O Singlet 0 
1.23 6 СНз (2) Singlet 0 


— өю ММ “ШШ 


6. The multiplicities show that only the alkene protons engage in coupling, and only 
between themselves. Using the ІН and {С NMR data, we can see that the follow- 
ing substructures are present. Notice that the two methyl groups shown in color are 
equivalent, which accounts for the appearance of only six signals in the C NMR 
spectrum (the numbers given below are the C NMR chemical shifts). 


о (7520987 
Wo uh l "n CH 
С a 
с=с won c 8 27.94 
45 7X as Ge 
8 173.84 and 130.97 БӨЛӨ 841.45 


7. In Step 4, we calculated that a third site of unsaturation is present as a ring. Bring- 


ing together the substructures to form a ring, we can devise two reasonable struc- 
tures. However, the CH» gr in A would be expected to have its resonance 
farther downfield (ап(8 3.85 bored it is between two electron-withdrawing 
groups (carbonyl and alkene). Furthermore, the two alkene carbon atoms and 
protons in À are in similar environments, so their chemical shift values should be 
more similar than what is observed. Therefore, compound 4 has structure B. 


A aed + 30 = 
j ' Ak x x m 
H oO 
[e C r [= 49 = 
HeX СЕҢ, Nc AH aS a 96 426 
r. aI 
ZU X Hep T e. 
H H НС H 
A B 


SS... 
EXERCISE 14.9 

Draw the structure of compound 5, which gives a low-resolution mass spectrum having 
М+ = 152; its (М + 2)*- peak has about the same intensity as M*. This compound also 
Produces the IR and 'H NMR spectra shown below. 
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CHAPTER SUMMARY 


Section 14.1 Analytical data in structure determinations 

e Analytical data and spectra are often needed to identify the molecular structure 
of a reaction product or byproduct, or the structure of the substance isolated 
from a source other than a reaction mixture. 

° The data used in structure determination exercises should be obtained on pure 
compounds. 

* Elemental analysis data can be used to determine the molecular formula of an 
unknown compound, and the purity of a known one. 

* The molecular formula can be used to calculate the number of sites of unsatu- 
ration, which is the defined as the л bonds and rings that a compound has. This 
information can be used to narrow the possible substructures that may be рге 
sent in a molecule. 


Section 14.2 Mass spectrometry 


А а 
* A mass spectrometer produces ions from gas-phase molecules and then sep 
rates the gas-phase ions by their mass-to-charge ratios, m/z. 
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* A molecule can be ionized by electron ionization, chemical ionization, or a va- 


riety of desorption processes. The resulting charged species subsequently pro- 
duce fragments to dissipate vibrational energy. 


A plot of the relative numbers of each ion reaching the detector versus m/z gen- 
erates the mass spectrum. 


* Removing one electron from a molecule generates the molecular ion, the mass 
of which equals the compound's molecular weight. 


* High-resolution mass spectrometry is used to determine a compound's molecu- 
lar formula. 


* The m/z value for the ion produced in the highest amount is called the base 
peak. 


* The molecular weight of a compound with an odd m/z value signifies that the 
molecule has an odd number of nitrogen atoms. 


* Relative intensities of the isotope peaks associated with the molecular ion peak 
are used to determine whether S, Cl, or Br atoms are present. 


* Organic compounds undergo fragmentation processes in predictable ways after 
formation of a radical ion species by ionization. 


* Fragmentation of a molecular ion occurs predictably at branch points of a car- 
bon chain or ring; at bonds adjacent to heteroatoms and functional groups; by 
loss of neutral molecules such as water, CO, HCN, and so on; and with re- 
arrangement, especially if C=C or C=O x bonds are present. 


Section 14.3 Infrared spectroscopy 


* Infrared spectra result from absorption of energy that affects the vibrations of 
atoms bonded to each other. 


* Infrared spectroscopy is used to determine the identities of the functional 
groups present in a molecule. 


* Absorption of IR energy requires a change in the dipole moment of the bond or 
group that is vibrating. 


* The frequency values in an IR Spectrum are expressed as wavenumbers, V, which 
have the units reciprocal centimeters. A typical IR spectrum spans from 4000 to 
500 cm-!. 


* The frequency of a vibration is inversely related to the masses of the atoms 
bonded to one another. 


* The frequency of a vibration is directly proportional to the strength of the bond. 


* The spectrum has two parts: the functional group region (4000-1300 ст-1) апа 
the fingerprint region (1300-500 cm-!), 


* The four regions of the IR spectrum that are commonly used to identify specific 
functional groups are summarized in Figure 14.5. 


KEY TERMS 


Section 14.1c Section 14.2b Section 14.3a 

Sites of unsaturation high-resolution mass wavenumbers 
spectrometry 

Section 14.2а Section 14.3b 

Molecular ion Section 14.2d functional group region 

fragmentation McLafferty rearrangement fingerprint region 

Sotope peaks 
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ADDITIONAL EXERCISES 


Additional Exercises 481 


1413. In performing each of the following reactions, indicate the princip T8 ab- 


. с sorptions that you would loo! the reactant and product to ensure that the re- 
кт ы mco о pee ре К rig ae Ж к al cra the fol action was successful. Be as specific as possible: list the position (cm7!), intensity 
wing results: C, 47.17%; ,.» 2-09; Gl, 23.29%. What is the empirical formula of (weak, medium, or strong), and shape (sharp or broad of the diagnostic absorp- 

this compound? Calculate its exact mass. 


tion band(s). Repeat the same process for the ІН and broad-band 13C NMR spec- 
tra. List, as applicable, the chemical shifts, integrated intensity values, splitting 


14.11. The elemental analysis of an unknown compound gave the following results: patterns, and DEPT results. 


С, 61.3 76; Н, 10.2 %; N, 28.5%. What is the empirical formula of this compound? 
Calculate its exact mass. 


2 он о 
2 PCC, CH,Cl, 
14.12. Identify the type of carbonyl compounds represented by spectra 12A and 12B, ў : : Aan aA 
ү | 
12А 3 1. MsCI, МЕТ, CH;Cl 
100 ^ E “МӘН -E NaCN, DME NN 
/ ( E С 
80 | | Y CRU 
x | ү. 14.14. The molecular ion region of the low-resolution mass spectrum of compound 
$ | ' 3 X has two peaks with an intensity ratio of [ore are two mass units apart. The 
= 604 [ S . 
£ | 3 larger peak appears at m/z 92. The IR spectrum of compound X is shown below; 
Е ao -| | | | | 3 draw its possible structures. L- № = 82 =) pe frag мел 766. 5-5 CuHg C A 
c E: 
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1415. The high-resolution mass spectrum of compound Y reveals its molecular for  . AAZ 
mula to be СН! 40. The IR spectrum of compound Y is shown below; draw its pos- Ort 


sible structures assuming that the functional group is attached to a secondary Did à 
—— 
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carbon atom. 
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16. The molecular ion peak in a high-resolution mass Spectrum was observed at 


m/z 118.082. Which of the following is the likely molecular formula: СНО», 
6Н 145, ог С5ҢІ№О»р 


14.17. The molecular ion peak in a high-resolution mass Spectrum was observed at 
m/z 130.055. Which of the following is the likely molecular formula: СН 48, 
CzH31Cl, or CgH)9NS? Slane. 
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1419. The IR spectrum of compound Z is shown below. What functional group is 
present? If you wanted to verify your assignment, what resonance (s) would you ex- 


pect to see in the broad-band decoupled 1С NMR spectrum? lok [ Qr ] pe є 185-05 p 
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14.20. Draw the structure of compound R, which has the following IR and !H NMR 
spectra. From the high-resolution CI mass spectrum, the molecular fo; ula is de- | 
termined to Ье C5H0. DroSadoroNow — (27 10A. — Y. hasa, Jouke. 


IR spectrum 
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14.21. Draw the structure of compound S, which contains С, Н, and О and has the- 
following IR, 5C NMR and !H NMR, spectra. From the low-resolution EI mass 


spectrum, MW - 192. 


IR spectrum 
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tures of the fragments that produce these peaks, 


14.23. Draw the structure of compound T, which has the following IR, ІН NMR, and 


1С NMR spectra. From the high-resolution CI mass spectrum, MW = 98.071. as b E 
O 
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CHAPTER 
14.24. Draw the structure of compound U, which has the following 13C and !H NM 1 L 
spectra. Elemental analysis provides the following results: C, 51.87%; Н, 4.99%; Br, 


43.22%. E — : 


13C NMR spectrum DEPT spectrum 
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15.1 CARBON-CARBON BOND FORMATION 
J 15.2 ORGANOMAGNESIUM AND LITHIUM COMPOUNDS 
GG) | 15.3 TRANSITION METAL ORGANOMETALLIC CHEMISTRY 
15.4 RETROSYNTHESIS 
15.5 SELECTIVITY CRITERIA IN SYNTHESIS 
CHAPTER SUMMARY 


ІН NMR spectrum 


(000 1 Many of the previous chapters have described the chemical reactions of organic mole- 

| cules, as well as their mechanisms. This chapter focuses on the application of those re- 

| actions to chemical synthesis—the construction of molecules. Chemical synthesis has 

| | | y V b ps y : been an important aspect of organic chemistry throughout its history, playing a major 
8 ° 5 © role in the early development during the 1800s, especially in the growth of the chemi- 


cal industry based on the manufacture of dyes. Later in the nineteenth century, the re- 
search of Emil Fischer on the synthesis of carbohydrates led to a rapid evolution of 
stereochemical principles and an understanding of the properties of chiral substances, 
The early 1900s were characterized by interest in the synthesis of natural products, and 
the latter part of the twentieth century was distinguished by the applications of physi- 
cal organic and bioorganic chemistry to synthetic strategies. 

Я The material presented in this chapter focuses on general and versatile ways to make 
(6) E tarbon-carbon bonds. The conceptual framework for carbon-carbon bond formation is 
E presented first, followed by the descriptions of specific reactions that involve organo- 
metallic compounds, substances that contain a carbon atom bonded to a metal ion such 
as lithium, magnesium, and copper. Many versatile reagents and catalysts that are used to 

make carbon—carbon bonds in selective ways are organometallic compounds. 
The latter part of this chapter describes some of the design strategies used in chem- 
(3) ical synthesis. Devising synthetic protocols requires you to think about organic reac- 
_ tons in reverse fashion. Instead of answering the question, What compound is 
(2) 3 Produced from certain reagents (i.e., A + B — ?), you will have to answer the question, 

Мыс compounds are needed to prepare a given product (? +? — X)? 


14.25. Draw the structure of compound V, which gives a low-resolution mass spec- 
trum having M* = 150 and a (М + 2)* peak with about equal intensity. Its ІН NMR 
spectrum is shown below. 


ІН NMR spectrum 
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í | à | 15.1 CARBON-CARBON BOND FORMATION 
мм LLL 


15а CHEMICAL SYNTHESIS RELIES ON PROCESSES FOR MAKING CARBON- 
F CARBON BONDS AND INTERCONVERTING FUNCTIONAL GROUPS 


BS Much of the material presented in this chapter describes ways to construct carbon- 
carbon bonds, which lies at the heart of organic synthesis. Once the carbon atom 
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spectra. Elemental analysis provides the following results: C, 51.87%; H, 4.9995; Br, 3 
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ІН NMR spectrum 


(em 4 Many of the previous chapters have described the chemical reactions of organic mole- 
cules, as well as their mechanisms. This chapter focuses on the application of those re- 
a = actions to chemical synthesis—the construction of molecules. Chemical synthesis has 
лү кк T 


been an important aspect of organic chemistry throughout its history, playing a major 
role in the early development during the 1800s, especially in the growth of the chemi- 
cal industry based on the manufacture of dyes. Later in the nineteenth century, the re- 
search of Emil Fischer on the synthesis of carbohydrates led to a rapid evolution of 
stereochemical principles and an understanding of the properties of chiral substances. 
The early 1900s were characterized by interest in the synthesis of natural products, and 
the latter part of the twentieth century was distinguished by the applications of physi- 
cal organic and bioorganic chemistry to synthetic strategies. 

The material presented in this chapter focuses on general and versatile ways to make 
(6) 1 carbon-carbon bonds. The conceptual framework for carbon-carbon bond formation is 
presented first, followed by the descriptions of specific reactions that involve organo- 
metallic compounds, substances that contain a carbon atom bonded to a metal ion such 
aslithium, magnesium, and copper. Many versatile reagents and catalysts that are used to 
make carbon-carbon bonds in selective ways are organometallic compounds. 

The latter part of this chapter describes some of the design strategies used in chem- 
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14.25. Draw the structure of compound V, which gives a low-resolution mass spec- 1 
trum having M* = 150 and a (M + 2)* peak with about equal intensity. Its 'H NMR Я 
spectrum is shown below. А 


1н NMR spectrum 


(з) _ kcal synthesis. Devising synthetic protocols requires you to think about organic reac- 
_ Hens in reverse fashion. Instead of answering the question, What compound is 
(2) i produced from certain reagents (i.e., A + B > ?), you will have to answer the question, 
] Which compounds are needed to prepare a given product (? +? — X)? 
n a4 
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| 15ла CHEMICAL SYNTHESIS RELIES ON PROCESSES FOR MAKING CARBON- 
CARBON BONDS AND INTERCONVERTING FUNCTIONAL GROUPS 


i Much of the material presented in this chapter describes ways to construct carbon- 
carbon bonds, which lies at the heart of organic synthesis. Once the carbon atom 
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СНАРТЕК 15 Organometallic Reagents and Chemical Synthesis 


framework is in place, then the functional groups can be interconverted to form the 
desired product. The underlying principle for carbon-carbon bond formation is this: 


A reagent having a nucleophilic carbon atom (C^) reacts with a substrate that has 
an electrophilic carbon atom (C5). The opposite polarities of carbon in ће re- 
acting species lead to bond formation. 


There are many reasons to synthesize organic substances. The product might sub- 
sequently be used for other studies, such as characterization of its physical Properties 
or investigation of its pharmacological activity. Factors that require attention in plan- 
ning a synthesis include the cost of materials, disposal of waste products, the scale on 
which the process can be done, and research priorities. For example, it is sometimes 
necessary to design a synthesis so that certain steps can be readily modified to prepare 
a variety of product analogues. This stipulation is particularly common in the synthe- 
ses of pharmaceutical products, where analogues of a drug may be required for testing. 


15.1b CaRBoN-CARBON BOND FORMATION FORMALLY INVOLVES 
THE REACTION BETWEEN ELECTROPHILIC AND NUCLEOPHILIC 
CARBON CENTERS 
For most organic molecules, the presence of an electronegative heteroatom renders 
the neighboring carbon atom electrophilic. This effect is readily apparent for alkyl 
halides, alcohols, and carbonyl compounds. 


\ar а" \8* з” NM a 
С—С! C—OH C—o 
eT 7] / 


By exploiting the electrophilicity of carbon in an alkyl halide, you can perform a sub- 
stitution reaction by supplying a nucleophilic reagent (Section 6.1a). A typical Sy? re- 
action (Section 6.3a) can be represented as follows: 


Nucleophilic substitution 


NB og 
es Оста — Сна er 


Conceptually, the formation of a carbon-carbon bond can occur in the same manner; 
that is, a nucleophilic carbon atom reacts with an electrophilic carbon center, displac- 
ing a leaving group. 


Conceptual formation of a C-C bond 


үу к 7 - 
AO 9 ga 


The question is, do such processes actually occur? If so, what types of carbon nucle- 
ophiles can be used? 

The simple answer is Yes, and an example of a substance with a nucleophilic carbon 
atom is cyanide ion, salts of which are readily available. Although two resonance struc: 
tures can be drawn for the cyanide ion, the major contributor is the one in which the 
carbon atom has an octet of electrons and a formal charge of -1. The carbon atom is 
therefore more nucleophilic than the nitrogen atom. 


EA €) TCN: 


15.2 Organomagnesium and Lithium Compounds 


Asa consequence of its nucleophilicity, cyanide ion reacts with alkyl halides to form 
nitriles, concomitant with formation of a new carbon-carbon bond. (You will learn 
later how the nitrile group can subsequently be converted into other functional 
groups. The use of cyanide ion constitutes one method—albeit limited—for con- 
structing the carbon framework of organic molecules. 


Formation of a C-C bond 


EP cR EN mcr - 
:{М==С: =; (e —3À сты, + c 


[EXERCISE 15.1 


Draw the structure of the major product expected from each of the following reactions: 


a. CH; b. 
1. NBS, AIBN, A OH 1. MSCI, ЕЗУМ, CH,Ci, 
—À Nei ERIT Pan TS ——„ 
d 2. NaCN, DMF 2. NaCN, DMF 


15.2 ORGANOMAGNESIUM AND LITHIUM COMPOUNDS 


15.2a A GRIGNARD REAGENT Is PREPARED FROM AN ORGANOHALIDE 


Even though cyanide ion is an excellent nucleophile, its use is limited to those situa- 
tions in which a single carbon atom is to be added to the starting compound. Nucle- 
ophilic reagents that contain more than one carbon atom should be more versatile, 
and there are several from which to choose. - 

А carbanion has a nucleophilic carbon atom by virtue of its unshared electron pair 
(Section 2.5e). Formally, a carbanion is the deprotonated form of a C-H fragment, but 
most hydrocarbons have such a high pK, value (> 40) that an acid-base reaction of the 
following type has limited utility (Section 15.2f): 


EAE 


С-Н ——> С: 
- ] К.) 
4° 4 


A carbanion 


You may recall from Section 11.4e that a hydride ion is equivalent to a proton and 
two electrons. In the same way, a carbanion can be considered as the equivalent of a 
carbocation plus two electrons, 


Ш 
n 
+ 
+ 
N 
Ф 
t 


UM 
C: 
4 
A carbocation 


What makes this analogy useful is that you are already familiar with carbocations, which 
are intermediates in several reactions (Section 6.2). For example, you know that an 
alkyl halide is a good precursor of a carbocation; therefore, adding two electrons to an 
alkyl halide should produce а carbanion. 
Ene way to reduce an organohalide to a carbanion is by its reaction with magne- 
he metal, a reaction discovered by Victor Grignard around the year 1900, for which 
paas awarded the Nobel Prize in 1912. The mechanism of this reaction is complex 
involves a series of single-electron transfer reactions. Magnesium metal, Mg, is 
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oxidized to Mg?* and produces a species with the general formula RMgX, called а 
Grignard reagent. 


Mg > HC—CH,—CH;—Mg— Br 


H3C—CH,—CH,—Br aor ether 


A Grignard reagent 


Isolated Grignard reagents are actually polymetallic clusters, often having two, 
four, or six magnesium ions along with the requisite nuraber of halide ions and organic 
groups. For our purposes, however, we will assume that a Grignard reagent is a discrete 
mononuclear compound with the formulation R-Mg-X (X = a halide ion). 

The reaction that produces a Grignard reagent is general, and all sorts of 
organohalogen compounds can serve as starting materials. Alkyl, aryl, and vinyl chlo- 
rides, bromides, and iodides all react, although organochlorides are the least reactive, 


B 
CY Mg, THF CY r 
a 


Mg, THF 
NN ald 


Mg, diethyl eth: 
сн,—1 g. diethyl ether > CH;—Mg—I 


To make the methyl Grignard reagent, methyl iodide is preferred. It is a liquid, 
bp 41°C, so the appropriate quantity is easily measured. CHCI and CH3Br will 
form the corresponding CH3MgX, but both are gasses at room temperature, so 
working with them is much less convenient. 


The solvents used for this reaction must be inert to the Grignard reagent and, at the 
same time, dissolve it effectively. Diethyl ether and THF meet both of these criteria, and 
the latter is used almost exclusively for reactions of aryl and vinyl halides with magnesium. 


EXERCISE 15.2 
Draw the structure of the Grignard reagent formed from each of the following 
compounds: 


а. »Bromotoluene b. 3-Chloropentane c. 2-Bromo-l-hexene 
eel 


15.2b GRIGNARD REAGENTS REACT WITH ELECTROPHILES SUCH AS 
PROTONS AND CARBONYL GROUPS 


The carbon atom of an organomagnesium compound is formally nucleophilic, but 
treating an alkyl halide with a Grignard reagent rarely leads to substitution. Grignan d 
reagents are potent bases, and they also react as radicals. Both of these properties sup- 
press a Grignard reagent's nucleophilic behavior. 
wr wt \- + 
oe UA MgBr 
Strongly basic 


V 
—C: -MgBr 
/ 


As a base, Grignard reagents react instantaneously with protic substances to pre 


duce the corresponding hydrocarbons. For example, RMgX reacts with water, gene 


15.2 Organomagnesium and Lithium Compounds 


ating the hydrocarbon RH and MgX(OH). Any substance having a proton with a pK, 
value « 40 reacts as an acid toward Grignard reagents. 


H,0 
CH,—Mg—I > CH,—H + Mg(OH)I 


The Grignard reagent is a very strong base. In this exam i = 

g i ple, the CH4Mgl is formal 
the conjugate base of methane. Upon reaction with a proton сосе E RD AREE 
occurs to produce methane and the mixed salt, magnesium hydroxide iodide. 


This reaction can be used to advantage to make compounds that contain deuterium. For 
example, the reaction of phenylmagnesium bromide with D20 yields deuterobenzene. 


Mg, THF a 
Br » IS 
(> C nmm Ox 


Grignard reagents will react as nucleophiles with the electrophilic carbon atom of 


the carbonyl group. The reaction between RMgX and carbon dioxide is the prototypic 
transformation. 


2. HCl 


1. СО, 
( \ Mgcl 2 »¢ \ COOH + MgCl, 


Carbon dioxide is polarized such that each of its double bonds connects an elec- 
trophilic carbon atom with a nucleophilic oxygen atom. Formally, the carbon atom of 


a Grignard reagent reacts as a nucleophile toward the carbon atom of СО», producing 
the halomagnesium salt of a carboxylic acid. | 


PF. :0: 
(Ума ӧ=с—0 > 4 \ | 0:- +мосі 


„7 


One reason, however, that carbonyl compounds elicit the nucleophilic properties of 


Grignard reagents has to do with the nucleophilici 
i philicity of the carbonyl oxygen at 
its attraction toward the electrophilic metal ion. n ME 


Br 
of / 
Vv — s 2M9 Con 
—C—MgBr + с —— сом" —ә 
s d OO YR в" о 
0 FN 


анов of the adduct brings the carbon atoms into proximity, and the polarity dif- 

erence between the two is enhanced. Reaction subsequently leads to bond formation. 

Б А separate hydrolysis step is required to liberate the carboxylic acid, so treating the 

B. карие with dilute hydrochloric acid produces the carboxylic acid and mag- 
lum halide. Magnesium halides are water soluble, and they can bi 

from the less polar organic molecule. ттан 


:О: :0: 
ee ДЕ Т p 
C—0: MgCl E HM C—OH + MgCl, 


bs Most carbonyl compounds, as well as those with unsaturated, polar functional 

oui M а react with Grignard reagents. For the present, we will focus оп re- 
ns with aldehydes and ketones. (The reactions of organometalli i 

sters are covered in Chapter 21.) mM 
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Formaldehyde, the simplest aldehyde, reacts with a Grignard reagent to yield a 
halomagnesium alkoxide salt. Hydrolysis with aqueous acid produces an alcohol. 


1. CHO 
2.H0* 


CH4—CH;—CH;—CH,—MgBr > CH4—CH;— CH;—CH;—CH;—OH 


As with the reaction between the Grignard reagent and carbon dioxide, the reaction 
with formaldehyde takes place between the nucleophilic RMgX reagent and the elec- 
trophilic carbon atom of the carbonyl group after adduct formation. 


Br 
La 7: = 
А ? + MB .- A Maur 
NO HAE VAS N 
H—C—MgBr + y — COA ә нс. 
at н. b? © | SH @ CH;— CH;CH;CH, 
HC H CH,CH,CH; 


Hydrolysis with dilute mineral acid yields a primary alcohol that has one carbon atom 
more than the alkyl halide that was used initially. 


H H 


I Ho* PS 
M D m *MacC E x ucc xx 


H H 


Other aldehydes react with Grignard reagents to produce secondary alcohols after 
hydrolysis. Ketones react with Grignard reagents to make tertiary alcohols. If needed, 
a weaker acid such as aqueous ammonium chloride is used to prevent E1 elimination 
of water from the tertiary alcohol. 


EXAMPLE 15.1 


What is the major product expected from the following reaction? 


o 
1. CH(CH9)CH;MgBr 
ILI eds 
2.H,0* 


The general reaction between RMgX reagent and a ketone can be written as follows: 


X 
o" / O—MgX 
ác [| в’ 1,0 M9 Е RL / 2 
R—M9X + „С Cee m 
st LAr — ©, | @ / ^R 
R R R” R 


By replacing R, R’, R”, and X with the actual groups, we depict the mechanism as follows: 


Br 
o5 DEF O—MgBr 
в 2077 / 


Nm AME è ; A oe > [s 
а + e 9 с G er 


g 


E. 


15.2 Organomagnesium and Lithium Compounds 


Acid workup generates an alcohol as the product, so the final equation is written 
А 


о OH 
1. CH;CH,CH,MgBr, ether 
— 
E CH;CH;CH; 


EXERCISE 15.3 


What is the major product expected from the reaction shown here? 


CHO 
1. CH(CH),CH;MgBr 
оңо 


Another electrophile that is susceptible to react with Grignard reagents is the epoxide 
| | oxide, the simplest i 

produces a primary alcohol with two carbon atoms more than the m а 

a from which the organometallic species is made. This transformation is a леб 

supplement to the one between a Grignard reagent and formaldehyde, which yields a 

primary alcohol with only one carbon atom more than the original alkyl halide 

Mg, Ether 


CH;CH,CH,CH,—Br CH,CH;CH;CH,—MgBr 


a Parm i 
CHiCH;CH;CH;—MgBr CH;—CH 
e 2S CH;CH;CH;CH,—CH;—CH,—0- *MgBr 

o 


"n + 
SH;CH;CH;CH,—CH,—CH,—O- *MgBr —° , CH;CH;CH;CH,—CH,—CH,— OH 
2 


As in i i i i 

E reactions with carbonyl compounds, a Grignard reagent can form an adduct 

E ai which further activates the ring toward opening. This process is simi- 
9 the proton activation process that you learned in Section 7.2e 


3 o 5+ о 
8 
R—MgX + ох Eg, нс “мах 
8* H Ut с” САА > —u— 
a Н; R © 4 


1 А ; 
id E үе smie manner that epoxides react with other nucleophiles (Section 7.9e), . 
mametrical epoxides react with Grignard reagents at the less hindered carbon atom 


of the ring. Therefi Я i o 
od id - ore, unsymmetrical epoxides produce 2° and 3° alcohols instead of 


GACH сн. сн en. ES ү" is 
5CH,CH,CH, “MgBr Q7 — CH, ——  CH,CH,CH,CH,—CH;—C—0- *мовг 
Oo l 

o сн, 

сн, сн, 
CH;CH,CH,CH,—c = аш 
—CH,—c— * ы 

5Снасн,—сн,——07 "Mgay TS, CHsCHscHsCH—CH—C—OH 


CH; сн, 
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Table 15. 


Electrophilic 


CHAPTER 15 


Organometallic Reagents and Chemical Synthesis 


1 A summary of reactions between a Grignard reagent (R-MgX) and electrophilic 
reagents. 


Reaction Description 


reagent 
a —— 3 
H,O | 
ROH Reaction with acidic substances gives the 
RCOOH кем R—H hydrocarbon corresponding to the starting 
RSH R—X. 
RNH; 
о Reaction with carbon dioxide gives а 
1. R—MgX | carboxylic acid with one carbon atom more 
= G2 z но? > R—C—O—H than in the starting R—X. 
* a 
E 1 Reaction with formaldehyde gives a primary 
уо x A Мех R—C—O—H alcohol with one carbon atom more than in 
/ Ане the starting R—X. 
H H 
i | i ith an aldehyde gives a secondary 
\ 1. R— MgX R—C—O—H Reaction with an у 
с=0 2. но? 4 alcohol. 
н R’ 
R’ R’ Reaction with a ketone gives a tertiary 
\ 1, R—MgX alcohol. Aqueous ammonium chloride is 
о 2.NHg* Cl" (aq) BC —0-H used in the hydrolysis step to prevent 
R” | А R” elimination from occurring. 
H Й Й Reaction with ethylene oxide gives а 
Y о ue = R—C—C—O—H primary alcohol with two carbon atoms 
/\/ ыо | more than in the starting В—Х. 
H JC. H H 
H^ ^H 


A summary of the reactions between Grignard reagents and compounds with elec 
trophilic centers is given in Table 15.1. 


EXERCISE 15.4 


What is the expected major product of the reaction shown here? 


1. Mg, THF 


Bp M lx 
2. q7 CHCH; 
o 
3. NH4Cliaa) 


15.2 Organomagnesium and Lithium Compounds 


15.24 THE FORMATION OF A GRIGNARD REAGENT Is LIMITED BY 
THE PRESENCE OF REACTIVE FUNCTIONAL GROUPS IN 
THE ORGANOHALIDE MOLECULE 


Because of its highly basic nature and reactivity toward many functional groups, a Grig- 
nard reagent cannot always be prepared; that is, there are significant limitations on the 
structures of organic halides that can be converted to their Magnesium derivatives. 
Specifically, any organohalide that also has an acidic proton (alcohol, phenol, carboxylic 
acid, or amine) or а reactive functional group (carbonyl, nitrile, epoxide, or nitro group) 
cannot be used to prepare a Grignard reagent. Some examples follow: 


Multiple bond Acidic proton Multiple bond Mulitple bond 


EXERCISE 15.5 


Identify the following compound(s) for which it will be difficult to prepare a Grignard 
reagent. Which portion of the molecule will be problematic? 


о 


а А LY Bou 


There are several ways to circumvent this limitation. One is to start with a molecule 
that has a protected form of the reactive center. (The use of protecting groups will be 
discussed in Section 15.5b.) The second choice is to prepare a different type of 
organometallic reagent. Some transition metal species tolerate a more diverse range of 
functional groups than Grignard reagents. A third alternative is to employ a functional 
Broup that can be converted subsequently to the desired one, as shown-in the follow- 
ing example: S 

Suppose you wanted to prepare the Grignard reagent derived from 5-bromo- 
pentanal. This transformation will not be successful because the functional groups are 
incompatible. Even if this Grignard reagent were to form, it would react with itself. 


o pc functional groups 
ME. Pug Br 
RM H 3 


What is needed instead is a functional group that is equivalent to an aldehyde but 
unreactive toward Grignard reagents. One possibility is the alkene double bond, which 
сап be converted to a carbonyl group by ozonolysis sometime later (Section 11.3b). 
Thus, 6-bromo-l-hexene is a practical alternative to 5-bromopentanal, and a synthetic 


scheme illustrating its conversion to a Grignard reagent and the subsequent reaction 
“ith formaldehyde is shown below. 


CH; CH; 
1. Mg, THF а on 
oy 2. CHjO H 


3. H0* 


(o HQ 7 
H е! Хү cr 
Br Br Br 


Acidic proton 


COOH 


o> 
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After the Grignard reaction is complete, the alkene is converted to the aldehyde group 
by ozonolysis. 


CH, o 
PA Се EN 2 P 
H 2.Zn,H,0 H 


EXERCISE 15.6 


From which of the following compounds can you prepare а Grignard reagent? Draw 
the structure of the organomagnesium compound that is formed. 


NH; : 
о 
Д | Ө: соон “ҮТҮ 
Br o 
Br 


15.20 ORGANOLITHIUM COMPOUNDS ARE PREPARED FROM 
ORGANOHALIDES AND LITHIUM METAL 


Lithium metal reacts with an organic halide in a manner similar to that observed for 
the reaction between magnesium and RX. The product is an organolithium compound 
and has the stoichiometry RLi; the lithium ion is closely associated with the negatively 
charged carbon atom. Like Grignard reagents, organolithium compounds are not 
monomeric but exists as tetrameric or hexameric species in solution as well as in the 
solid state. 


2 equiv of Li metal . К, 
CH,— CH,—CH,— CH,—Br > CH3;—CH,—CH,—CH,—Li + LiBr 


diethyl ether or hexane 


Butyllithium 


Many RLi reagents with one-to-six carbon atoms are available commercially. Butyl- 
lithium (abbreviated BuLi) is the most commonly used of these reagents, especially 
when a potent base is needed. ` 


Some commercially available alkyllithium reagents 


Li CH; 
CH,—Li CH3CH,CH,CH,—Li CH3;CH,—CH—CH, CH;—C—Li 
m 
Methyilithium Butyilithium sec-Butyllithium tert-Butyllithium 


Organolithium compounds react with carbonyl compounds and epoxides to form 
alcohols and with carbon dioxide to form carboxylic acids, just like Grignard reagents 
(cf. Table 15.1). For example, the following equation depicts formation of an aryl- 
lithium compound and its subsequent reaction with carbon dioxide to form а cal 
boxylic acid: 


Br К COOH 
1. Li metal, hexane 
a, 
СҮ 2. C02, O 
H3C 3. HO НС 


15.2 Organomagnesium and Lithium Compounds 


45.2f ALKYNYL ORGANOMETALLIC COMPOUNDS ARE MADE 
BY AcID-BAsE REACTIONS 


Alkynyl organometallic compounds are prepared by a route that differs from those 
used to make alkyl, vinyl, and aryl organometallic compounds. The carbon-hydrogen 
bond of a terminal acetylene is much more acidic than the carbon hydrogen bond of 
other kinds of hydrocarbons because of the substantial s character t the pum used 


to form the C-ELbond..In fact, as you learned in Chapter 5, the pK, value of a typical 


alkyne is ~ 25 (see Table 5.1). It is even possible to make the dianion of acetylene 
(ethyne). 


Na* :CzC:- Nat 


A terminal alkyne reacts with a strong base such as buryllithium, a Grignard 
reagent, or sodium amide (NaNHp, also called *sodamide"). The productin each case 
isthe corresponding metal salt. Sodamide is made by dissolving sodium metal in liquid 
ammonia containing a small amount of iron metal. Remember that dissolving sodium 
metal by itself in ammonia gives solvated electrons, which can be used to reducealkynes 
(Section 12.2c). The presence of iron metal in the reaction medium catal 9и ап 
acid-base step that generates sodamide. i 


e CH,CH;CH;CH;LI . 
R—C=C—H Tur > R—C=C—Li + CH,CH,CH,CH, 


Alkynyl lithium compound 


= сн,=ма—! 
R—C=C—H Pe ^ R—C=C—MgI + CH, 
Alkynyl Grignard reagent 
кв—с=с—н NaNH;, NH; tio 
-3»c + R—C=C—Na 


Alkynyl sodium compound 


An alkynyl carbanion reacts like any organometallic species: The carbon atom is a 


carbanion and a nucleophile. However, this type of carbanion is able to react as a nucleophile 


via the Sy2 pathway, unlike the i i 
а E athe ay, more strongly basic Grignard reagents and organo- 


wipes ys ey ы 
TCU Na” ——> R’—C=C—R + NaBr 


In fact, alkynyl ani i i 
ct, alkynyl anions are versatile nucleophiles for making carbon-carbon bonds b 
ae with alkyl halides. They are strongly basic, however, so only primary alkyl halides 
he Teact without generating significant quantities of elimination products. 
he moncanion of acetylene is also a good nucleophile, and sodamide in liquid am- 


monia is the base that is often used to isi i i i 
: generate this ion. Its reacti 
halides produce terminal alkynes. Е 


2 NaNH;, NH: 
H—C=C—H ae > H—CzsC: Nat 


1. CH3CH,CH,CH,—Br, — 70°C 
2n > CH,CH,CH,CH,—CeC—H (8696) 


H—c=c:- Nat 
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Substitution of a leaving group by an alkynyl carbanion is an excellent method for 
making carbon-carbon bonds because the initial alkyne product can be converted sub. 
sequently to a variety of compounds. In particular, partial reduction to an alkene jg 
facile (Sections 11.2b and 12.2c), and alkenes can be converted to others by reactions 
such as hydroboration (Section 9.4b) or electrophilic addition (Section 9.2). 


L EXERCISE 15-7: 
What is the expected product of the following reaction sequence? Draw the structure 
of the compound that is formed at each step. 


1. NaNH;, THF 

2. CH3CH,Br 
————Ó 

3. catecholborane (Section 9.4b) 

4. H,02, OH” 


CH,;CH,—C=C—H 


Reactions of alkynyl carbanions are not limited to substitution. These nucleophiles 
also add to carbonyl compounds such as aldehydes and ketones, and they react with 
epoxides to form alcohols with two additional carbon atoms. Thus, they react like other 
types of Grignard reagents and organolithium compounds. 


н 
С 


1. С.Н, THF 

СНзСНСНСН—С=2С—Н - cu cuo ?  CHiCH;CH;CH,— Ce C— X) 
= 
3.H0* | 


EXERCISE 15.8 


What is the expected product of the following reaction sequence? Draw the structure 
of the intermediate that is formed at each step. 


=. с=с—н 1. CH3Mgl, THF 
\ J i 2. ethylene oxide 
3.H0* 


15.3 TRANSITION METAL ORGANOMETALLIC 
COMPOUNDS 


15.3a ORGANOCUPRATES ARE PREPARED FROM ORGANOLITHIUM 
COMPOUNDS AND СОРРЕК(Ї) SALTS 


We now turn our attention to transition metal organometallic complexes. The term 
“complex” derives from the fact that several groups are often bonded to the metal ion- 
These groups are called ligands, and they can be alkyl groups, alkenes, alkynes, ar% 
matic compounds, organophosphines, amines, alcohols, carbon monoxide, and small 
inorganic species such as water, nitric oxide, halide ions, and hydride ion. : 
Some transition metals and their complexes react like magnesium or lithium 
metal, generating an organometallic species directly from an organohalide or related 
substance. Other transition metal organometallic compounds have to be prepare 
from a Grignard or organolithium reagent. Organometallic copper compounds аа 
among the most important compounds of this latter type. Ў 
An organolithium compound reacts with copper(I) iodide to form a lithium 
diorganocuprate, referred to as a Gilman reagent. As a specific example, butyllithiu™ 


15.3 Transition Metal Organometallic Compounds 


first reacts with copper iodide to produce butylco i 
сас à pper. Then, a s d l 
butyllithium reacts with that species to generate lithium ар a 


> Cul 
CH;CH;CH;CH; — Li тнр? CH;CH;CH;CH; —Cu + Lil 


Butyllithium (BuLi) Butylcopper 


BuLi 
CH;CH;CH,;CH,—Cu  ——— ——— (CH3CH,CH,CH,),Cu7 Lit 


Lithium dibutylcuprate 
(a Gilman reagent) 


Formally, organocuprates have the same charge distribution as organolithium and 
organomagnesium compounds—the carbon atom of each substituent carries a partial 
negative charge. A lithium diorganocuprate, however, is a weaker base than a Grig nard 
reagent and a more potent nucleophile with respect to substitution reactions E 

“Several years ago, it was discovered that treating copper(I) cyanide with 26 uiv of 
an organolithium reagent produces a species that is d bacis 


ifferent from a Gilman reagent. 


2Buli + cucn 9779, 


[(Bu);CuCN]Li; 
The best evidence reveals that the cyanide ion is not bonded to the copper ion; never- 


theless, these compounds behave differently than Gil 
i MARRON y than Gilman reagents and are called 


15.3b OnGANOCUPRATES REACT As NUCLEOPHILES 
IN SUBSTITUTION REACTIONS 


In general, organocuprates do not react with carbon di 
pounds in the same way as Grignard or organolithium reagents. 


Си Lit : 
u 
CJ ita (T — NR. 


They d i 1 i 
ds У do react with many organohalides, however, and this reaction constitutes an ex- 
ent way to make a carbon—carbon bond. 


I 
(бысн,сн,сн,-си- Lt =н 


I 
"riodopropans ^ CH&CH;CH2CH;CH,CH,CH, + — Cu(CH,CH,CH i 
;CH;CH,CH, + Lil 


lithium dibutylcuprate Heptane 


This reacti 
€action cannot occur by an Sy2 mechanism because aryl and vinyl iodides and 


bromi i i 
mides— which are not viable substrates in the Sy? reaction—react with Gilman 


reagents to f i 
E О form carbon-carbon bonds. Among alkyl halides, only primary alkyl bro- 


I 
(CH),Cu- Li* CH; 
THE 25°С, 14h” (90%) 
wl CH 
(CHj,cu- Lit SS 3 
“Suen De х 
THF, 0°C, 2.5h @1%) Cupr. 
і 
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EXERCISE 15.9 


Draw the structure of the major product of the following reaction: 


Br Cu^ Li* 
AGHA Cu ч, (80%) 
THR — 45°C, th 
then 0°C, 3h 


A significant advantage is their use in substitution reactions with secondary alkyl bro- 
mides and iodides, which are poor substrates with the Gilman reagents. The following 
examples illustrate the utility of the higher order cuprate reagents. Notice that both 
primary and secondary alkyl substrates react cleanly: 


[(Bu),CuCN]Li, 


ee ON ROS Nee (95%) 
МАММА “вг туне SUC 25h 


NC ече Р. (92%) 
МАМА “вг “тне 806 25h 
P4 d 
Ta ((Ph);CuCNILi; (95%) 
— 
OTs THF, 0°C, 24 h 
Br CH;CH;CH;CH; 


THF, 0°C, 


Both types of organocuprates react as Grignard reagents do toward epoxides, and 
the following two equations show examples that make use of higher order cuprate 
reagents, which generally react more cleanly than Gilman reagents. Огаапосирга 
react preferentially at the less highly substituted carbon atom of the epoxide ring, jus 
like other nucleophiles. 


о он 


1, ((Bu);CuCNILI,, THR, — 40°C, 2 hr : (96%) 
2. H0* 


© МеВ $ он Б 
1. {(Pr),CuCNILi,, THF, 0°C, 8 hr [ee (86% 
zT Na es 
\ 2. но“ \ 


15.3 Transition Metal Organometallic Compounds 


"EXERCISE 15.10 
Pi 
What is the major product expected from each of the following reactions? 


a. b. 


/ 1. [(H;C—CH—),CuCNILI,, THF, 0°C, 5 h N [(Bu),CuCN]Li, 


сн; 2.H,0* THF, 0°C, 3.5 h 
Сн; 


Br 


15.3c THREE FUNDAMENTAL MECHANISMS DOMINATE TRANSITION 
METAL ORGANOMETALLIC CHEMISTRY 


The reactivity of transition metal organometallic reagents depends on three features of 
the metal ion: 


* Its oxidation state. 


* Its coordination number (C.N.), which is the number of groups bonded to the 
metal ion. 


* Its geometry, which is how the ligands are arranged around the metal ion. 


These three properties—oxidation state, C.N., and geometry—dictate the kinds of re- 
actions that a metal complex can undergo, which are of three types: oxidative addition, 
reductive elimination, and migratory insertion. 

Oxidative addition takes place when the metal ion increases its C.N. as its oxidation 


state also increases. Alkyl halides and Нә are the most common reactants that partici- 
pate in this process. 


Oxidative addition 


R 
in te RBr Bow | wn 
“7 MI P si Ser 
The metal ion has an oxidation The metal ion has an oxidation 
state of n and a coordination state of n+2 and a coordination 
number (C.N.) of 4. number (C.N.) of 6. 


Reductive elimination is the reverse of oxidative addition, so the oxidation state of 
the metal ion decreases, and one or two groups are eliminated from the coordination 
sphere of the metal ion. The elimination processes that are most important in synthe- 
sis are those that create a new C-H or C-C bond. 


Reductive elimination 


R 
dl -RH М 2 
“7 н Рас MI 
The metal ion has an oxidation The metal ion has an oxidation 


state of n and a C.N. of 6. state of n—2 and a C.N. of 4. 


The third mechanism type is migratory insertion, in which one group bonded to 
the metal ion inserts into a х bond of another ligand that is also bonded to the metal. 
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This process occurs most often with an alkene molecule or carbon monoxide as the ac. 
ceptor, and there is usually no change in oxidation state. The coordination number can 
change when another ligand, often a solvent molecule, bonds to the metal ion. 


Migratory insertion 
н (sol) 
— solvent (sol) 
Ум ен, УУС иа 
| vy CH,—CH; | сн сн, 
CH; 
The metal ion has an oxidation The metal ion has an oxidation The metal ion has an oxidation 


state of n and a C.N. of 6. state of n and a C.N. of 5. state of n and a C.N. of 6. 


15.3d ORGANOCUPRATES MAKE USE OF OXIDATIVE ADDITION AND 
REDUcTIVE ELIMINATION TO FORM CARBON-CARBON BONDS 


The reaction between iodobenzene and lithium dipropylcuprate illustrates two of the 
mechanism types just presented and shows how carbon-carbon bond formation by 
organocuprates (Section 15.8b) can occur by a pathway that is пої Sy2 in character. 


I CH,CH,CH, 
O +  LiCu(CH,CH,CHj, —> СУ + Lil + CuCH,CH,CH, 


Oxidative addition occurs in the first step of this transformation, as the oxidation 
state of the copper ion increases from +1 to +3, and the C.N. increases from 2 to 4. 


С CH,CH,CH,., el 
ше [сн,сньсн, =со—сн,снсн] ———> сч Li* 
! aC HS CH; u aS SMS of CH;CH;CH; 


Cu(I) Cu(Ill) 


Once the phenyl ring is bonded to the copper ion, the complex is unstable, so reductive 
elimination occurs, forming l-phenylpropane and a metalcontaining product, 
Li (I-Cu-CH3CH$CHj), which subsequently dissociates to form Lil and CuCH;CH3CH;. 


CHsCHaCHa sse CH,CH,CH, | 
и тз " _ " 
Cr “ен,сн,сн, | bi —> СУ + u* [1 си—снсн,сн, | 


Си(ш) Сч@) 


15.3e WILKINSON'S CATALYST Is USED TO HYDROGENATE ALKENES 

A process that utilizes all three of the mechanism types presented in Section 15.3c is the 
hydrogenation of alkenes catalyzed by chloro[tris(triphenylphosphine) ]rhodium (1). 2 
complex known as Wilkinson's catalyst. This compound, RhCl(PhsP)s, is soluble п 
many solvents, which makes it a homogenous catalyst. In contrast, Pd/C (Section 11.2a) 
is a heterogeneous (insoluble) catalyst. 


15.3 Transition Metal Organometallic Compounds 


Wilkinson's catalyst dissolves in a mixture of benzene and ethanol to form a reac- 
tive intermediate, which has а four-coordinate rhodium(I) ion. This species undergoes 
oxidative addition with hydrogen gas to produce a Six-coordinate rhodium (III) dihydride. 


i 

[e week T 

р „FOH, benzene . Ln Pha, Hz Tg, | Ww" 
c L @ a” ^w de | œ 
L = :PPh; (triphenylphosphire) чон 
A molecule of alkene replaces the ethanol ligand in Step 2, 
Йй H 
“RA “rg en 
a” [ML а 
tOH 
M P 
с=с. 


+ EtOH 


and then migratory insertion takes place. In this step, which is rate determining, a hy- 

H + "ye й 
drogen atom moves from the coordination position adjacent to the alkene onto one of 
the alkene carbon atoms. An ethanol molecule binds to the coordination site left va- 
cant by this migration. 


: EN HN 
L Ы qu migratory insertion Lu, | EtOH (Sol) Ls | LX. A 
Ny D 
cl c Е, @ с” | b @ а” | ~ f 
NAL / c EtOH н 
C=C 77 хс” 
ИА IN 


; In the last step of the reaction cycle, the product alkane is formed by reductive elim- 
ination, which creates the second carbon-hydrogen bond. The rhodium(III) ion is re- 
duced to Rh(I), and its coordination number decreases from 6 to 4. 


H 

aw | 

ЖИИ L. ‚О. 
"RR Cc "pe ym SN \ / 
— Rh Et* m МЕ 
С [9E | Оса w FTS 
EtOH H H H 

КОШ) Rh(I) 


n. m thodium-containing product is the same species that first reacted with Нә in 

E і 'adive-addition step; therefore, this mechanism can cycle through the various 

om = daten leading to catalytic hydrogenation of the alkene double bond. Overall, 

ON ormation differs little from heterogeneous hydrogenation, but the homoge- 

E reaction is more selective because the triphenylphosphine groups bonded to the 

a um ion provide steric bulk, which slows the reaction toward more highly substi- 
ted alkenes and leads to the following order of reactivity: 


Q - Y 
R R a R CY 


decreasing ease of reduction by Н; and Wilkinson’s catalyst 
чыш шлш оет ———————”у 
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Despite differences in the alkene reactivity between the homogeneous and het. 
erogeneous processes, the stereochemistry of the two processes is the same. If the re. 
action with Wilkinson's catalyst is done carefully, then cis addition of hydrogen to the 
double bond occurs. The primary advantage of a homogeneous catalyst over a hetero. 
geneous one is that it can be modified to produce chiral products (Section 16.4b). 


15.3f PALLADIUM COMPLEXES CATALYZE THE FORMATION 

OF CARBON-CARBON BONDS 
Another versatile method for making carbon-carbon bonds—besides the one that 
uses organocuprate reagents (Section 15.3b)—is the Suzuki reaction, which is the palla- 
dium-catalyzed coupling of an organohalide and an organoborane. For the organohalide, 
К = aryl or alkenyl, but the R’ group of the organoborane can be practically anything. 


7А Pd(Ph;P), (catalyst) 
а 


/ 
R—X + R'—B зан R—R' + HO—B + Мах Х=1огВг 
\ j \ 


Often, the organoborane is one that has been prepared using catecholborane or 9- 
BBN because these reagents have a single B-H bond, and the stoichiometry of the hy- 
droboration reaction is easy to control (Section 9.4a). 

B^ 


es й Й 
/ "u 
н) Hos ) 
N N 
o o 


9-BBN-H Catecholborane 


H 


It 

x= 
| 

0. 


Ш 


Furthermore, with these reagents the group that derives from the alkene is the only 
one that is transferred in the subsequent coupling reaction. 


е were} 
— —_ 


Only this group is transferred 
in the Suzuki reaction. 


The mechanism of the Suzuki reaction is a three-step process. The first step is 0%- 
idative addition of the organohalide to the palladium(0) atom of a two-coordinate 
complex, formed by a series of equilibria in which triphenylphosphine ligands dissoci- 
ate from Pd(PhgP) 4. Alkyl halides react very slowly in this oxidative addition step, which 
is why they are poor substrates in the Suzuki reaction. 


PhP..,, „PPh -PPh РР. — PPh; 
pd == ZIPd—PPh, === Ph,P—Pd—PPh; 
Ph;P' bh, РРР 
Pd(0) Pd(0) Pd(0) 
rR=x Ph, e 
Ph,P—Pd—PPh, —— — “Ра? Oxidative addition 
© РЫР” ~x 
Pd(0) Pd(il) 


In the next step, br droxide ion reacts with the organoborane, and the organic 
group attached to boron is subsequently transferred to the palladium (II) ion, replac 


15.3 Transition Metal Organometallic Compounds 


ing the halide ion. No change in the oxidation state of Pd occurs during this substitu- 
tion reaction. 


Ра) РА(11) 


This Pd (1T) complex immediately undergoes reductive elimination in Step 3, forming the 
coupled organic product and regenerating the two-coordinate palladium(0) complex. 


wR 
E. 7 ^ — Ph,P—Pd—PPh; +  R—R' Reductive elimination 
Ра(и) Pd(0) 


I-—————Á——————————————————————————M 
EXERCISE 15.11 


The mechanism of the Suzuki reaction can be written as a cycle. Fill in structures for 
the letters A, B, and C in the following diagram for the coupling of iodobenzene and 
the NaOH adduct of butyl-9-BBN. 


Pa(PPh;), === Ра(РРҺ;), B 


E 


The Suzuki reaction provides a practical way to couple alkenylboranes with alkenyl 
or aryl halides, as shown in the following equations: 


H :-) — SA 
Ss 2B. Br Pd(PhsP), 
~N О "E or? (86%) 
H 
Br 
1) 
Nn B- 20, 
o + Маон “ (98%) 
H 9 Br 
B ) Pd(Ph;P), 
b `o + нон? (80%) 
H 
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These particular transformations are valuable for two reasons. First, the stereochem. 
istry of the resulting alkene is known with certainty because all of the steps proceed with te 
tention of configuration. Second, the double bond in the product can be readily 
converted to other functional groups. In general, alkenes are versatile compounds jn 
synthesis because they can be transformed into so many other types of substances, 


| EXERCISE 15.12 
Show how you would prepare each of the organoborane reagents shown in the equa- 


tions above. For starting materials, you may use BH - THF, catechol, and any alkene or 
alkyne. 


——————————————————————— 


15.4 RETROSYNTHESIS 


15.4a A RETROSYNTHESIS IDENTIFIES POSSIBLE INTERMEDIATE 
COMPOUNDS AND STARTING MATERIALS 


The most general procedure for planning a synthesis makes use of a retrosynthetic analy- 
sis, commonly called a retrosynthesis. Starting with the product molecule, a chemist 
considers plausible precursors that can be converted to it. These precursors themselves 
then become the goal of the synthesis. Working backward, the chemist eventually rec- 
ognizes a compound, or perhaps several compounds, that can serve as a starting mate- 
rial. This whole process generates what is referred to as a synthetic tree, illustrated 
below. (Note that retrosynthetic reactions are shown with open arrows =>.) 


Starting material P 


Starting material О 


Starting material R 


Starting material $ 


Starting material T 


direction of synthesis 
- 


direction of retrosynthesis 
ав ee 


When suitable candidates for the starting materials have been identified, the plan- 
ning process is reversed. Then the researcher begins to consider what reaction condi- 
tions are needed to convert the reactants to products. In so doing, alternate routes and 
intermediates are sometimes identified. Also during this phase, the placement of con- 
trol elements such as protecting groups (Section 15.5b) is included. Examples that il- 
lustrate these concepts will be presented shortly. 

The underlying concept behind retrosynthesis is commonly called "the discon- 
nection approach". Manipulations of functional groups are often straightforward, so the 
reactions requiring the most attention are those needed to form the carbon-carbon bonds. In de- 
vising a retrosynthesis, the desired product must be evaluated for bonds where the dis- 
connection between their atoms will produce fragments that can be combined by 
actual reactions to be used in the synthesis. Thus, if a carbon-carbon bond is to be 
made by bringing together a Grignard reagent and an aldehyde, for example, then the 


EU 
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disconnection must be made at a place in the molecule that allows each portion to have 
its appropriate functional group. Disconnections are most suitable at or adjacent to 


• Adouble or triple bond. 

* Aring junction. 

* A branch point next to a heteroatom. 
e A functional group. 


When a cyclic compound is to be prepared, construction of the ring system is often 
the overriding factor. An aromatic ring will most likely be incorporated by performing 
reactions with commercially available benzene derivatives. 


15.4b A PRELIMINARY EXAMINATION OF THE DESIRED MOLECULE 
CONSIDERS THE FUNCTIONAL GROUPS THAT ARE PRESENT 

Although a retrosynthesis is conceived with preparation of the carbon atom framework 

in mind, a primary consideration is the identity of the functional group that appears in 

the product molecule. Functional group equivalents are important to consider because 

they can reveal more likely disconnection points. For example, a 2° alcohol is readily 

converted to a 2° alkyl halide or ketone. 


OH substitution Br OH [0] 


о 


Similarly, а 1° alcohol can be oxidized to an aldehyde or further to a carboxylic acid 
(Section 11.4c). 


о 
R—cH,0oH — › picoo 190; R—coon 


Perhaps less obvious is the equivalence of carbon-oxygen and carbon-carbon dou- 
ble bonds, an example of which was shown earlier (Section 15.24). In Chapter 11, you 
learned reactions that can be used to cleave a double bond to produce an aldehyde, ke- 
tone and/or carboxylic acid. A carbon-carbon double (or triple) bond can therefore 
be a precursor for these carbonyl-containing groups. 


ozonolysis or | | 
R—CH=CH, бео нар, 7 R—C—O or R—C-—O 
e n 


15.4с AN ALCOHOL FUNCTIONAL GROUP PRESCRIBES A LOGICAL 
DISCONNECTION SITE 


In many of the synthesis problems in this text, you will be expected to start with any 
compound that has a limited number of carbon atoms (five or six). It is logical to as- 
Sume that any of these compounds can be bought commercially at a reasonable price. 
You will also be allowed to use any "inorganic reagents" (acids, bases, metal-containing 
compounds, including tributyltin hydride, Cul, Mg, etc.). With these constraints in 
mind, the focus should be on how to construct the carbon skeleton of the desired mol- 
&cule once the functional groups and their possible equivalents have been identified. 
A functional group that is readily prepared is the alcohol group, because the hydrocarbon frame- 
work can be readily assembled at that carbon atom by using an organolithium or Grignard reagent. 
The following examples illustrate this concept by presenting the retrosynthesis and syn- 


thesis processes involved in making several molecules. 
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EXAMPLE 15.2 


Show how you would prepare 3-heptanol from starting materials that have five or fewer 
carbon atoms. 


First, draw the structure of the desired product: 


А са 


OH 


Next, ask yourself this question: What methods do I know to make a carbon-carbon 
bond at the carbon atom bearing an OH group? Although there are several ways to 
make an alcohol, a method to create a carbon-carbon bond while forming the OH 
group at the same time makes use of the Grignard reaction (see Table 15.1). There. 
fore, consider disconnection points at the positions adjacent to the OH group: 


Possible disconnection points 
LOIS AC 
OH 


In the retrosynthetic analysis, the molecule is divided into two fragments, and the syn- 
thetic tree would have two branches, as illustrated below: 


ОТ УС? MgBr ҮС 


uw О 


Аз а гше, the route to choose is the one that leads to construction of the molecule from | 


fragments that are close to each other in size because it will be easier to purify the prod- 
uct from reactants that have half its mass. 

This example is straightforward because, with only one disconnection, possible start- 
ing materials are identified. At this juncture, we write the synthetic scheme as follows: 


ADOS Br Mg, ether 407 Mgr m 
Ш H O—MgBr 
H,0* dico М. 
——— 
H O—MgBr [з] H OH 


EXERCISE 15.13 


Write the equations corresponding to the other conceived route to prepare 3-heptanol. 


15.4 Retrosynthesis 


Ka. 
EXAMPLE 15.3 


Show how you would prepare the compound shown below from starting materials that 
have six or fewer carbon atoms. You may also use any reagents and solvents. 


CH; 
i 
CH,CH;CH;CHz^ ^ Сн, 
Br 


——_—— = 


The first issue to address is how to make a 3° alkyl bromide. There are two ways that you 
know: substitution of an OH group via the Syl reaction (section 6.2a), and elec- 
tophilic addition of HBr to an alkene (Section 9.1b). Therefore, we have at least two 
possible routes to explore. 


CH3CH;CH; fs 


H 
T 2? 
Са, 


CH3CH,CH,CH;~ V" CH; 
Br ~ т» 
Co. 

CH,CH,CH,CH;7 V" сн, 
OH 


Because an alkene is often made from an alcohol or alkyl halide by elimination, the al- 
cohol is a more logical precursor. Further retrosynthetic analysis of the alcohol leads to 
disconnection next to the OH group. 


i^ 
eu p CH;CH;CH;CH;MgBr + oe. cH 
3 
3 
| 
C 
CH4CH,CH;CH;7 \ CH; CH; 


OH uu | 


CH,CH,CH,CH;7 5o Р CH;MgI 


To prepare the target molecule, we start with 1-bromobutane, make its Grignard 
derivative, treat that compound with acetone, and use a mild acid workup to obtain the 
alcohol. Treating the alcohol with HBr yields the desired bromoalkane. 


CH; en 
| 
a , eth in, HBr Cm. 
CH;CHaCH>CH;Br — = E CH,CH,CH,CH, Se "CH,  — 9 снсн,сњсн ү 
we 3 3 
3. NH,Ci (aq) OH Br 


Propose a synthesis for each of the following compounds starting with bromobenzene 
and/or any organic compounds that have five or fewer carbon atoms: 


a. b. 


i "P S 
Pd Br 


“EXERCISE 15.14 
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EXAMPLE 15.4 


Show how you would prepare 1-phenylcyclohexene from cyclohexene and any other 
organic compounds, reagents, and solvents. 


At least three retrosynthesis schemes can be envisioned. Two (A and B) make use of de. 
hydration to form the alkene п bond, and С is a dehydrohalogenation reaction. The 
needed alcohols can be made by Grignard reactions, and the bromo compound is ac. 
cessible via free radical halogenation. 


C; Hs 
= O + CQGHMgl 
Oe = Оз + ы a 
А + QGHMg B 
о 
H 
CH s бн; | NBS, AIBN C 
Br H 


Further analysis shows that cyclohexanone in A can be made by oxidation of cy- 
clohexanol, which is made by hydration of cyclohexene; the epoxide needed for B is 
prepared directly from cyclohexene, and phenylcyclohexane (route C) is made by the 
Suzuki reaction between bromobenzene and the 9-BBN derivative of cyclohexene. 


ӨХ: = (Ун = () 
Ф -0 
О%- 09-0: 0 


+ CHBr 


Choosing route B because it has the fewest number of retrosynthesis steps, we write the 
synthetic scheme as follows: 


1. CsHsMgBi Н,50,, А 
RCO3H CeHsMgBr CH; 250, сн; 
o 2. NH,Cl (aq) 


OH 


EXERCISE 15.15 


Write the reactions for the syntheses of l-phenylcyclohexane that are based on the 
other two retrosynthetic pathways given above. 


15.5 Selectivity Criteria in Synthesis 


15.5 SELECTIVITY CRITERIA IN SYNTHESIS 


15.5a REACTION SELECTIVITY Is A CONSIDERATION IN THE SYNTHESIS OF 
A COMPOUND WirH More THAN ONE FUNCTIONAL GROUP 


Besides making the carbon framework and manipulating the functional groups, several 
other issues must be addressed when planning a synthesis, and these are related to the 
selectivity of each reaction that is chosen. Chemoselectivity, which is the differentiation 
between the reactivity patterns of functional groups (Section 11.22), is often a simple 
problem to resolve. For example, you learned that primary alcohols can be oxidized to 
aldehydes, but tertiary alcohols are inert to simple oxidants such as chromium trioxide 
(Section 11.4c). The oxidation ofa primary alcohol in the presence of a 3° alcohol con- 
stitutes a chemoselective transformation. 

Regioselectivity (Section 9.1b) refers to the orientation in addition reactions. You 
have seen, for example, that hydrogen bromide adds to alkenes in a Markovnikov fash- 
ion under polar conditions (Section 9.1b) and with an anti-Markovnikov orientation 
under radical conditions (Section 12.3a). Both are regioselective reactions. 

Stereoselectivity (Section 9.1d) has to do with the stereochemistry of the reaction. 
You have learned several reactions that are stereospecific, like the Sy2 reaction, which 
goes by inversion of configuration at a stereogenic center. Hydroboration occurs by a 
stereospecific syn addition, and the electrophilic addition of bromine to an alkene is a 
stereospecific anti addition. 

Enantioselectivity (Section 9.1d) has to do with the creation of new chiral centers, a 
topic that will be discussed further in Chapter 16. 

The following example illustrates how the stereochemistry of the product impacts 
the planning of the synthesis scheme. 


a 


EXAMPLE 15.5 


Derive a synthesis for the compound shown below, starting with organic compounds 
that have five or fewer carbon atoms. You may use any inorganic reagents and solvents. 


YN 


(е) 


—MÀÁ— À 


First, consider what reaction will be used to create the epoxide ring. This group can be 
made by at least two methods that you know—direct epoxidation of a double bond, 
Which is a syn-addition process (Section 11.3e); or an intramolecular substitution re- 
action of a halohydrin using base, which occurs by inversion at the carbon atom that 
bears the halide ion leaving group (Section 7.2c). Here is a situation in which you want 
to ensure that the chosen reaction yields the correct stereochemistry of the product 
molecule. 


"Ed 
iud д 

SS 

ae 


HO Br 
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If you choose the transbromohydrin as the starting material for the epoxide, then 
you have to consider what is needed to make it. The starting alkene turns out to be the 
same cis-alkene as the one needed for the direct epoxidation process. 


insi di SS ee 
HO Br 


Next consider how to disconnect the carbon skeleton of the needed alkene ina 
way that leads to logical nucleophilic and electrophilic partners. There are several pos- 
sibilities, two of which are shown below: 


"Aid dd a # 
ы мы „з. 


VN! [маса ) Li, 


The first route has an additional step, but it begins with a nucleophilic alkynyl car- 
banion and an electrophilic alkyl bromide. This combination should present few diffi- 
culties. It does require the stereospecific reduction of the alkyne to form the cis-alkyne, 
but that transformation is straightforward with use of a poisoned catalyst (Section 
11.2b). A synthesis based on the first retrosynthesis would therefore be written as fol- 
lows (MMPP, Section 11.3e). 


Виц, THF 


csc Oc Lit 


CH3CH,CH,Br 


Нг, Pd/BaSO, MMPP, EtOH 
AL det al NI maii iy 
ae 7 quinoline Bb c did Sor 
H H H OH 


The synthesis scheme based on the second retrosynthesis is, 


i CuCN, THF y 
ысы сысы g (сн.сн,сн, )-сисмюц, 


MMPP, EtOH 


I 
(сн,сн,сн„3-сщсмуп, DM, МУМ ————ә УМА 
H H нон 


————————————————— 


In the matter of selectivity, another issue has acquired importance during recent 
years, namely, that of waste disposal. Professor Barry Trost, of Stanford University, has 
challenged chemists to think about the atom economy of a reaction. The underlying 
concept is how much of the reactant(s) actually ends up in the product. In dealing with 
waste minimization, this concept is important. Clearly, reactions that go by addition 
processes have a higher atom economy than those in which only a small portion of one reactant is 
transferred to the product. 

We can illustrate this objective by going back to the previous example and looking 
at the last step. Remember that in the first retrosynthesis, we identified two ways to 
make the epoxide. These are shown below as the actual reaction (s) you would perform 
in the laboratory. The same alkene, cis-4-octene, is converted to the same epoxide, cis 
4,5-epoxyoctane. 


15.5 Selectivity Criteria in Synthesis 


сус as МММ + HO HBT 
HOBr * 
| HO Br o 


[e] 


In the first pathway, the addition of HOBr has an atom economy of 10096 because 
all of the atoms of the reactants appear in the product. During formation of the epox- 
ide, bromine ion and water are lost, so the atom economy of the second step is less than 
quantitative. On the other hand, water is a benign byproduct. Bromide ion is the only 
waste product of the first route. 

By contrast, the atom economy in the second pathway is low, because only one оху- 
gen atom із transferred from magnesium monoperoxyphthalate. Most of the atoms of 
that reagent appear in the byproduct, magnesium phthalate. Of course, if this byprod- 
uct can be recycled to the peroxy reagent, then the overall atom economy increases 
dramatically. A consideration of atom economy in chemical processes will likely be- 
come more important as raw materials become scarcer and requirements for minimiz- 
ing waste become more stringent. 


15.5b PROTECTING GROUPS ARE UsED WHEN INCOMPATIBLE 
FUNCTIONAL GROUPS ARE PRESENT IN THE DESIRED 
PRODUCT OR PRECURSORS 
In the design of a synthesis scheme, you will often encounter the situation in which you 
wanta reaction to occur at only one of two (or more) functional groups. One of these 
situations is the preparation of a Grignard reagent in which the starting material has a 
reactive second functional group (Section 15.2d). A protecting group is needed for the 
functional group that you want to retain. 
Several commonly used protecting groups are listed in Table 15.2; the best ones 
have the following features: 


* They can be introduced into a molecule under mild conditions. 
* They are inert to the reaction conditions that will be used. 


* They can be removed under conditions that do not affect other functional 
groups or the stereochemistry of the product. 


One of the best protecting groups for an alcohol, which you have seen is a versa- 
tile functional group in synthesis, is the trimethylsilyl group (other organosilanes can 
also be employed). It is introduced simply by stirring an alcohol with chlorotrimethyl- 
silane and a weak base like triethylamine. 


Protection 
R cr 


=~ Ses 
i (CH,);Si—CI NL NEt, Р n 
R—O—H WEG, CHCl, Golvent) > SP SICH); ———À R—0-—Si(CH;); +  EtNH CI 
H 


A trimethylsilyl ether, ROSiMes, is stable toward neutral and basic conditions, so it is 
Comparable with Grignard reagents and other organometallic reagents. After reaction 
55 complete, the trimethylsilyl group is easily removed by treatment with mild acid or, 
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Table 15.2 Some commonly used protecting groups in chemical synthesis. 


Functional group Reagents Protected form Conditions for remoyaj 
R—OH CI— SiMe;, ЕТМ R—O—SiMe; Е 
Br—CH;C;H;, base R—=o=c ) H, Pd catalyst 
(hydrogenolysis) 
С) щ R O iced 
о “о7о 
CI—CH,—0—CH, base | R—0—CH,—0—CH; Hjo* 
R OH [ө] 
R 
[е] ,H* J H,O* 
JT С eS, 3 
OH 
SH R S 
C ‚ ZnCl, ox J HgCl,, CH,CN 
SH к” Sg H;O, CaCO, 


better, with fluoride ion, which is usually supplied as its tetrabutylammonium salt 
(Bu4N* F`) in aqueous solution. The reaction of this reagent with ROSiMes produces 
fluorotrimethylsilane, which is an inert, gaseous substance, easily separated from the 
desired organic product. 


Deprotection 


~~r | И “но 
R—07-Si(CH), от  (CHjSiF + R—Ó- ——» R—O—H + HO 
B 


Another satisfactory protecting group for alcohols is the benzyl group, which is in- 
troduced by alkylation with benzyl bromide via an Sy2 reaction (Section 6.3a). The 
benzyl group is readily removed by hydrogenolysis (Section 12.2a). Recognize, how- 
ever, that this method of deprotection is not compatible with alkene or alkyne func- 
tional groups in a molecule because л bonds can be hydrogenated under these same 
reaction conditions (Section 11.2). 


Protection 
NaH, PhCH;Br, DMF 
R—O—H —23 R—O—CH,Ph + Nacl 
Deprotection 


Hz, Pd/C 
R—O—CH,Ph ——————> R—O—H + PhCH, 


Other protecting groups listed in Table 15.2 will be discussed later, but this list pro 
vides a preview of such compounds and how different functional groups can be pro 
tected. Ifa protecting group is used during a synthetic scheme, the overall procedure i$ 
lengthened by two steps, one for protection and one for deprotection. It is preferable. 
therefore, to design a synthesis so as to rely on as few protecting groups as possible. 


15.5 Selectivity Criteria in Synthesis 
The following example illustrates the use of a protecting group during a synthesis. 


EXAMPLE 15.6 


Show how you would prepare the following compound from substances that have six or 


fewer carbon atoms: 
Су" 


A logical disconnection site is at the ring, and at least two combinations come to mind. 
The curly brackets around the COOH group indicate that a protecting group or a func- 
tional group equivalent will be needed because the carboxylic acid proton will react 
with the organometallic center elsewhere in the scheme. 


or 
+ ~~ СООН} 
1 
ECCO г“ 2 
є о 
СУ + BrMg у (COOH! 


Six carbon atoms Five carbon atoms 


SS 


Choosing the second retrosynthesis to develop, we decide to use a protected alcohol 
group as a carboxylic acid equivalent (Section 15.4b). Protection is required so that we 
can make the needed Grignard reagent (Section 15.2d). 


COOH 
Br V v => Br oH} Protection required 


Now examine the actual synthesis. In the first step, the alcohol group is protected as its 
trimethylsilyl ether derivative. 


EN (CHysSi— cl m 
Br OH анасон ? В v v TOsiMe; 


NEt;, CH;CI; (solvent) 


ee the Grignard reagent is generated and treated with cyclohexanone to yield the 
5° alcohol. 


OH 
Br NN OSIM tMg ether | d кшш 
2. 
at 


3. NH&CI (aq) 


Dehydration with phosphoric acid generates the cyclohexene ring, and the protecting 
Stoup is removed from the alcohol using fluoride ion. 


OH 


OSiMe; 1. HPO, A OH 
РЕ о y 
2. Bu,NF, H0* 
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Finally, oxidation is used to obtain the final product. 


COOH 
Сү“ HzCrO,, А ЖОШ 
ees 


Unlike the reaction scheme described in Section 15.2d, an alkene cannot be used as an 
equivalent to the carboxylic acid functional group even though ozonolysis could be 
used to make the COOH group. In this scheme, the product itself has a double bond 
(in the ring), so ozonolysis would also take place there, as shown below. 


N Я 
co 1.0; нобе SOAS ааа. H 
2.H,0, g 


EXERCISE 15.16 


How would you synthesize the following compound from any organic starting materi- 
als with five or few carbon atoms? Any inorganic reagents and solvents may also be used. 


HO ans An 


CHAPTER SUMMARY 
Section 15.1  Carbon-carbon bond formation 
* Chemical synthesis relies on reactions to construct carbon-carbon bonds. 


* Conceptually, formation of a carbon-carbon bond can be accomplished by re- 
action between a nucleophilic and an electrophilic carbon atom. 


¢ One of the simplest carbon-carbon bond-forming reactions is the Sy? reaction 
of cyanide ion with an alkyl halide. 


* Organometallic compounds have a nucleophilic carbon atom. 


Section 15.2 Organomagnesium and lithium compounds 


* The most common reactions observed for main group organometallic com- 
pounds—those of Li and Mg—are acid-base reactions, addition to a carbonyl 
group, and opening of an epoxide ring. 

* Grignard reagents are made by the reaction between organohalides and mag- 
nesium metal. 


* Organolithium compounds are made by the reaction between organohalides 
and lithium metal. 


* Organometallic derivatives of alkynes are made by acid-base reactions. 


¢ Organometallic derivatives of alkynes react with alkyl halides by the Sy2 pathway 
to form carbon-carbon bonds. 


Key Terms 


section 15.3 Transition metal organometallic chemistry 


* Organocuprate reagents are made by treating a copper(I) compound with an 
organolithium compound. 


• Reaction between an organocuprate reagent and an organoiodide leads to car- 
bon-carbon bond formation. 


• Reactions of transition metal organometallic compounds take advantage of the 
multiple oxidation states available to most transition metals, as well as the abil- 
ity of a transition metal ion to bind several groups at once. 


¢ Oxidative addition, migratory insertion, and reductive elimination are the prin- 
cipal mechanisms by which transition metal organometallic compounds react. 


* Organocuprates make use of oxidative addition and reductive elimination steps 
to form carbon—carbon bonds. 


* Wilkinson's catalyst is a soluble Rh complex that is used to hydrogenate alkenes 
to alkanes. Oxidative addition, migratory insertion, and reductive elimination 
steps are all involved in its reaction cycle. 


* The Suzuki reaction is a useful way to couple the organic group of an organo- 
borane with an aryl halide using palladium complexes as catalysts. 


Section 15.4  Retrosynthesis 


* Retrosynthetic analysis is a strategy that considers the disconnection of bonds in 
a target molecule as a way to identify compounds likely to be used subsequently 
in the actual synthetic procedures. 

e Disconnection of a carbon-carbon bond adjacent to an OH group is a logical 
and simple choice because an alcohol is the product of many reactions that 
make use of organometallic compounds. 


Section 15.5 Selectivity criteria in synthesis 


* The chemoselectivity, regioselectivity, stereoselectivity, and enantioselectivity of 
reactions must be considered during the design of a synthetic scheme. 

* Atom economy—the amount of a reactant that appears in the product—is an 
important concept to bear in mind to limit costs and to minimize generation of 
hazardous waste. 

* Protecting groups are employed when a reaction has to be conducted in the 
presence of additional functional groups that will either interfere with the de- 
sired reaction or react themselves with the reagents that are being used. 


Section 15.2a Section 15.3c Section 15.4a 

Grignard reagent oxidative addition retrosynthesis 
reductive elimination synthetic tree 

Section 15.2e migratory insertion protecting groups 


organolithium compound 


Section 15.3e Section 15.4b 
Section 15.3a Wilkinson's catalyst functional group 
Gillman reagent equivalents 
higher order cuprate Section 15.3f 

Suzuki reaction Section 15.5a 


atom economy 
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Section 15.2a 


Grignard reagents are prepared by treating an organohalide with magnesium meta] in 
THF or ether. The halide can be any type: methyl, 1°, 2°, or 3° alkyl, aryl, or vinyl. 


| Mg, ether or THF | 
с—х › C—Mg—X 


| | 
Х= Сі, Br, Í 


Section 15.26 


А summary of the reactions of Grignard (and organolithium) reagents with elec. 
trophiles is presented in Table 15.1. 


Section 15.2c 


Grignard and organolithium compounds react with epoxides, and the R group of the 
reagent usually reacts at the less highly substituted carbon atom of the epoxide ring. 


о 
1. RMgX or RLi OH 
SNO arise BUNC 
2.H,0* ROX 


Section 15.2e 


Organolithium compounds are made by treating an organohalide with lithium metal 
in a nonreactive solvent such as ether or a hydrocarbon. 


| 2 Li, ether or hexane | 


=C=X > CHL + LiX 


Section 15.2f 


An alkynyl organometallic compound is made via an acid-base reaction between a ter- 
minal alkyne and an alkyl organometallic compound or sodium amide. 


R'MgX, R'Li, or NaNH; 
RC=C—H > RC=C—M 


M = MgX, Li, or Na 
Alkynyl organometallic compounds react with primary alkyl halides by an Sy2 pathway 
to form a carbon-carbon bond. 


RC=C—M Кх. RC=C—R’ 


М = MgX, Li, or Na 


Section 15.3a 


Organocuprate reagents, also called Gillman reagents, are made by treating a сор 
per(I) halide with 2 equiv of an organolithium compound. 


2к—и —©®— шсш + их 


Reaction Summary 
Higher order organocuprate reagents are made by treating copper(I) cyanide with 2 
equiv of an organolithium compound. 


A CuCN 
2R—Li  — 5 — LiRCuCN] 


Section 15.3b 


Organocuprate reagents react with organoiodides and organobromides to form car- 
bon-carbon bonds. 


ПЕС + — R'—CX | ———9  R'—R Li[R;:CuCN] + R’—I  ———  R'—R 


R’= aryl, alkenyl, 1° alkyl R”= aryl, alkenyl, 1° and 2° alkyl 
X-BrI X-BrI 


Organocuprate rcagents react with epoxides, and the R group of the reagent reacts at 
the less highly substituted carbon atom of the epoxide ring. 


О 
1. Li.fR,CuCN] OH 
t UARCUCN] | 
2. H,0* к 


Section 15.3e 


Homogeneous hydrogenation of alkenes can be accomplished using Wilkinson’s cata- 
lyst, RhCl (PPh3)s. 


H H 
x £ RhCI(PPh;); \ / 
* N H» EtOH i F SS 


Section 15.3f 
The Suzuki reaction is used to make carbon-carbon bonds by the reaction of organob- 
oranes and either aryl or vinyl halides with a palladium catalyst. 


Pd(PPh3),, m 
R'CBR + R—X Se: кең 


R= aryl, alkeny! 


Section 15.5b 


The alcohol functional group is readily protected from reactions with strong bases and 
organometallic compounds by conversion to its trimethylsilyl ether derivative, accom- 
plished with use of chlorotrimethylsilane and triethylamine. 


(СН) 51СІ, МЕТ. 
RO—H aa RO—Si(CH,, +  Et,NH* СГ 
те 


Alkoxytrimethylsilanes are readily converted to alcohols when treated with fluoride 
ton, which reacts at silicon to form fluorotrimethylsilane. 


Bup.NF, HO 


RO—Si(CHj; em 
3 


RO—H +  (CHjssiF 
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ADDITIONAL EXERCISES 


a. 
OH 


15.17. Draw the structure of the Grignard reagent derived from each of the foll 


Ому, 
molecules. Show the stereochemistry of the molecules in (d) and (e). 8 
a. b. с. 
С м1 
$ Вг Е Раи, 
а. е 


(Z)-CHj;CH,CH=CHCH,CH,Cl (5)-CH3CH(C,H,)C==CH 


15.18. Which of the following compounds will not readily form a Grignard reagent? 


Indicate which portion of the molecule causes a problem. Draw the structure of 
the Grignard reagent formed from compounds that do not pose problems. 


3 b. с. а. 
он 
Вг Вг 
cmo Уа F = ~ 


15.19. Show how you would synthesize each of the following primary alcohols from 
an appropriate organohalide and formaldehyde via a Grignard reaction: 


a 


a. b. 


Cr OH 


15.20. Show how you would synthesize each of the following secondary alcohols from 
an appropriate organohalide and an aldehyde via a Grignard reaction: 


c. 5-Methyl-I-hexanol 


a. b. 1-Phenyl-I-butanol c. 


15.21. Show how you would synthesize each of the following tertiary alcohols from an 
appropriate organohalide and a ketone via a Grignard reaction: 


a. 3-Methyl-3-pentanol b. c. 
OH 7 
он 
15.22. Each of the following compounds is added to a separate ether solution of 
phenylmagnesium bromide. Draw the structures of the substances that will be in 


the solution prior to workup. 


b. 
CHO 


c. d. e. 
CH H 
a O | 
OS де 
с=сн CHO 


Additional Exercises 


15.23. l-Bromo-cis2-butene was treated with magnesium in dry ether; that solution 
was then added to acetone. After careful hydrolytic workup, two isomeric products 
А апа B with the formula СУН ДО could be isolated. One compound has a cis dou- 
ble bond, three methyl groups, and a methylene group. The other isomer has a ter- 
minal double bond, three methyl groups, and a methine group. What are the 
structures for compounds A and B? Explain how they are formed. 


15.24. Write equations for the reactions that would be used to protect and then de- 
protect the following alcohols with the indicated protecting group: 


a. b. (2R, 3S)-3-Methyl-2-pentanol 
OH as its benzyl derivative 


as its trimethyl silyl derivative 


15.25. Indicate how you would prepare each of the following alcohols from the indi- 
cated starting material, an aldehyde or ketone, and any other necessary reagents 
and solvents. 

a. 2-Cyclohexylethanol from bromocyclohexane 
b. 1-Hexanol from l-pentene 

c. 1-Cyclohexylethanol from cyclohexanol 

d. 3-Heptanol from l-iodobutane 


15.26. Draw the structure(s) of the major product(s) expected from each of the fol- 
lowing reactions. Indicate the stereochemistry of the product as appropriate. Rela- 
tive stereochemistry should be shown using wedges and dashed lines. If a racemic 
mixture will be formed, draw the structure of one enantiomer and write the word 
“racemic”, or draw both enantiomeric structures, If diastereomers are formed, draw 
each structure; label meso compounds as such. If no reaction occurs, write N.R. 


a. Е 
Вг 
а 1. Mg, THF SS 1. RhCI(Ph;P),, Н, 
—————————9À oo 
2. ethylene oxide 2. benzene, EtOH 
3.H,0* 
b. g 


1. 9-BBN—H 
5 _——_ 
cacy LDA THE › 2. PhBr, Pd(Ph,P), 
2. CH,CH;Br NaOH 


3. Hz Lindlar catalyst 


С h. 
Br 
of 1. Mg, THF NA 1. Mg, THF 
2. CH ct 2. CO. 
p^ нб 
3. н,0+ 
d. i 
S NANAI 1. Li, hi 
Lif(CH3),cu]. < снусн,сн,—Ввг — c, 
е. 


(СН;)351С1, МЕ, 
CH;Cl; 


j 
о | cl 1. Mg, THE 
1. Buti 2. PhCHO 
2. H0* 3.H,0* 
4. 
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15.27. Show how you would prepare each of the following compounds using an 
organocuprate reagent and any other organic compounds with six or fewer carbon 
atoms. You may use any other necessary reagents and solvents. 


a. b. c. 


о чүч $ b d 


15.28. A Grignard reagent will react slowly with oxetane to produce a primary alcoho] 
after acid workup. Propose a reasonable mechanism for the reaction as given below, 


R—Mg—X + R—CH;CH,CH,—O' *MgX 


[1 — 
—O 


Grignard reagent Oxetane Salt of 1° alcohol 
15.29. Each of the following pairs of transformations produces the same product. 
Which one has the higher atom economy, qualitatively? For each process, write an 


equation with the reagents on the arrow. 


а. Oxymercuration of 2-methyl-1-butene followed by NaBH, reduction versus 
Markovnikov addition of water to 2-methyl-I-butene under acidic conditions, 


b. Markovnikov addition of water to cyclohexene under acidic conditions versus 
hydroboration of cyclohexene followed by treatment with hydrogen peroxide 
and base. 


c. Heating l-hexanol with PBrs versus treating l-hexanol with mesyl chloride 
and triethylamine followed by heating with a solution of LiBr in DMF. 


d. Reduction of I-pentyne with sodium in liquid ammonia and tert-butyl alcohol 
versus reduction of I-pentyne with hydrogen and the Lindlar catalyst 


15.30. Draw the structure of the major product expected from each of the following 

reactions. Ignore stereochemistry. The elemental analysis for each product is given. 

In performing each of the following reactions, indicate the principal IR ab- 

sorptions that you would look for in the reactant and product to ensure that the re- 

action was successful. Be as specific as possible: list the position (cm), intensity 

(weak, medium, or strong), and shape (sharp or broad) of the diagnostic absorp- 

йор band(s). Repeat the same process for the ІН and broad-band 13C NMR spec- 

tra. List, as applicable, the chemical shifts, integrated intensity values, splitting 
patterns, and DEPT results. 


a. 
I 
1. Mg, THF 
LY "Ef C, 71.15%; H, 7.87% 
H,CO 2 
3. њо 
b. 
i dn 1. Mg, THF c indi nes 
Br 2. CgHsCHO 80.876; H, 10.3% 
з. H0* 
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15.31. In performing the following reaction to make 5-heptynoic acid, a byproduct— 
compound H—is isolated. Its ЇН NMR spectrum is shown. Draw the structure of 
compound H. 


(3) 
(3) 
CH;—C=C—CH,CH,CH,Br Mg. THF 
2. CO, (2) 
3.H,0* 
(2) 
(CH, —C=C—CH,CH,CH,COOH + H aL 
Ї T T 1 
3 2 1 0 


8 


15.32. Бог your lab course, you decide to carry out the following reaction. Unfortu- 
nately, someone had mislabeled the bottle containing the aldehyde, so the product 
that you isolated was not the expected one. 


Br 1. Mg, ether 
2. (CH), CHCHO 
ur E i 
3. H0* 
4. н›сго, 


Instead, the product displayed the following !?C and ІН NMR spectra. The IR 
spectrum displayed an intense absorption at 1700 cm, and the high-resolution CI 
mass spectrum showed MW = 162.105. Draw the structure of the actual product, 
and show the correlation between the data and the structure you Propose. ' 


о 


с NMR spectrum 
DEPT spectrum 


5 200.41 он 
5 137.03 он 
8 132.78 сн 
8 128.47 сн 
8 127.96 сн 
5 38.30 CH; 
8 26.47 CH; 
200 160 120 80 40 о 8 2248 CH; 

8 8 13.96 CH; 


IH NMR spectrum 


Q @) (2) 


(2) (2) 
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15.33. For the final exam in your lab course, you were given an unknown compoung 


to identify. First, you obtained the іН NMR and C NMR spectra, which are shown 
below. Then, you were able to have the high-resolution CI mass Spectrum 
recorded, which showed MW - 134.1 10. Just when you thought you were done, you 
discovered that you were also required to prepare a sample of the unknown to con- 
firm its identity. Going to the chemical storeroom for Starting materials, you foung 
that the only ones available were alkenes with 4, 5, 6, or 7 carbon atoms, as well as 
an old bottle containing bromobenzene. Fortunately, a number of catalysts and 
other reagents were available. Draw the structure of the unknown and show hoy 
you were able to prepare it from the available starting materials. 


13C NMR spectrum 
DEPT spectrum 


8 142.84 он 
8 128.36 CH 
8 128.16 CH 
8 125.50 CH 
è 35.69 CH; 
8 33.67 CH; 


И, 
J 
4d 


о 8 2238 сн, 

160 120 id M 8 1394 сн, 

$ 
1H NMR spectrum 
(3) 
(2) 
(2) (2) 

—== == ee a Г 

7 6 5 4 3 2 l 

8 


15.34. Propose a reasonable synthesis for each of the following compounds, starting 
with organic compounds with six or fewer carbon atoms. You may also use any 


other reagents and solvents. Show a brief retrosynthesis along with the synthesis. 


b. c. d. 
[e] o 
CHO CY K ‹ )— ) 
OH 


Е 


g h. N; 3 
OO | 
H E 


к 


ASYMMETRIC REACTIONS 
AND SYNTHESIS 


16.1 CHIRAL COMPOUNDS 

16.2 ENANTIOMERIC RESOLUTION 

16.3 ASYMMETRIC SYNTHESIS 

16.4 ENANTIOSELECTIVE ADDITION REACTIONS 

16.5 SYNTHETIC DESIGN OF CHIRAL MOLECULES 
CHAPTER SUMMARY 


An introduction to the concepts of chirality and how they relate to the structures and 
reactions of organic compounds was presented in Chapter 4. Some important concepts 
you learned were 


* Stereoisomers that are nonsuperimposable mirror images are enantiomers, which 
have identical chemical and physical properties. 


* Stereoisomers that are not enantiomers are diastereomers, which have different 
chemical and physical properties. 


* А reaction that creates new chiral centers from achiral reactants yields a racemic 
mixture of products (or a meso compound). 


The first topic addresses how one quantifies and analyzes the degree of enantioselec- 
of 


Tonments experienced by certain chiral groups in a magnetic field, 

The second topic covers the strategies used to prepare enantiomerically pure sub- 
stances. Because so many molecules in biochemical systems are chiral, an escalating 
emphasis on the biomedical aspects of organic chemistry has made the synthesis of chi- 
Tal substances an increasingly important subject. 


16.1 CHIRAL COMPOUNDS 


16.1а NarURALLY OCCURRING SUBSTANCES CONSTITUTE THE SOURCE 
FOR MANY CHIRAL COMPOUNDS 


Many naturally occurring compounds exist in chiral form, and the collection of such 
5 


Metabolism. The alkaloids (basic, nitrogen-containing compounds), terpenes (a class of 
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Table 16.1 Examples of molecules in the chiral pool. 


Acidic Neutral Basic 
: & 
H 
HN, H ~ EN N 
H3C COOH N^ CH; 
L-Alanine (А)-(+)-о-Ріпепе (—)-Nicotine 
(ап a-amino acid) (a terpene) (an alkaloid) 
н 
HO. соон ü 
| N.... ACH;CH;CH; 
HO “COOH o CT 
H 
(+)-Tartaric acid (—)-Camphor (+)-Conine 
(an a-hydroxy acid) (a terpene) (an alkaloid) 
H 
HOm 5. —COOH CHO 
| “С 
сњ н“ 4 77 CH,OH 
COOH OH 
(+)-Malic acid b-Glyceraldehyde (—)-Ephedrine 
(an a-hydroxy acid) (a carbohydrate) (an amino alcohol) 


alcohols, alkenes, and other hydrocarbons derived from isoprene), and many carbohy- 
drates are synthesized by plants. Carbohydrates, also called sugars, are especially useful 
because of their highly substituted carbon skeletons. (Their chemistry will be pre- 


sented in more detail in Chapter 19.) 
The chiral molecules that exist in Nature are often valuable precursors for making 


other chiral substances. A chiral starting material that reacts by a stereospecific pathway 
represents a straightforward way to make an enantiomerically pure product. 


H OH Br H 


M oon Sree’ oh 


СН “соон (2 condition)” Cui “соон 


(R)-2-Hydroxypropanoic acid (S)-2-Bromopropanoic acid 
(b-Lactic acid) 


A chemical transformation that does not affect existing stereocenters in a reactant 
molecule constitutes another way to make an optically active substance. 


H NH; H NH; 
COOH 
tyrosinase 
о, 
OH 
OH OH 
L-Tyrosine L-DOPA 


Used for treating Parkinson's disease 


Both of these strategies are used routinely to prepare enantiomerically pure compounds. 
Other methods are available, however, and these will be described throughout the chapte! 


was 


16.1 Chiral Compounds 


46.1b Economic Factors AND PHYSIOLOGIC Properties OF DRUGS HAVE 
STIMULATED INTEREST IN THE SYNTHESIS OF CHIRAL COMPOUNDS 


__‚ когтисһ of the history of chemical synthesis, a product with stereogenic centers has not 


customarily been prepared as a single enantiomer. Instead, strategies have relied on using 
stereospecific reactions to construct a racemic product in which its relative stereochemistry 
was correct. If the relative stereochemistry could be established, the dogma went, one 
needed only to start with a chiral reactant to prepare the enantiomer with the desired ab- 
solutestereochemistry. For example, consider the reaction between an epoxide anda Grig- 
пага reagent (Section 15.2c). If a racemic mixture of the epoxide shown below at the left 
reacts with phenylmagnesium bromide (Reaction А), a racemic mixture of the tertiary al- 
cohol product is formed. Notice that the relative orientation between the OH and phenyl 
groups is the same in each product, namely, trans. If an enantiomerically pure epoxide is 
used instead (Reaction B), then a single enantiomer of product will be formed. 


A 
HC, fA LH. ње, uH СНз Ph но H 
“ol Ne S 1.РһМовг HOa&k aH Са  £aPh 
C OX pets 
Racemic mixture Racemic mixture 
А (the ОН and Ph groups are trans) 
нс Дон CH, Ph 
„Р 1.PhMgBr  HOak aH 
Single enantiomer Single enantiomer 


(the OH and Ph groups are trans) 


For pharmaceutical products, another prevailing notion existed: If one enan- 
tiomer ofa pair was efficacious in its physiologic action, a patient could simply be given 
twice as much of a racemic drug and the ineffective isomer would be excreted. For ex- 
ample, the drug (R)-thalidomide, shown at the right, is a sedative, which was prescribed 
for many women in Europe during the middle of the twentieth century. The drug was 
Manufactured as a racemic mixture, however, and tragically, its use led to the birth of 
many severely deformed children because the (S)-enantiomer is highly mutagenic. 

Apart from the need to prepare a single isomer in order to prevent unwanted side 
effects, the synthesis of a chiral material in pure form is desirable from an economic 
Viewpoint, too. The following example compares the mass balance for two reactions: 

(1) a hydroboration process that Benerates a racemic mixture; and (2) a procedure 

using a chiral organoborane reagent that leads to formation of a single enantiomer. 


1, BH, THE e „Он 
2. Hj, OH И + 
Сн "CH; CH; 


9.62 g 5.61g 5.619 
Desired isomer 
1. BHR* OH This procedure requires only half as 
Tho, он” H,0;, OH much starting material to prepare the 
CH; 2 сн, same amount of the desired product. 
481g 5.619 


M associated with economic concerns are environmental issues. If an un- 
€d enantiomer is produced, then disposal of that substance has to be arranged. 


527 
о 
N., 
- o 
o H N 
O н 


(R)-Thalidomide 
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Both of these concerns—economic and environmental—are related to the atom econ, 
omy of a reaction (Section 15.5a). 


16.1c RESOLUTION AND ASYMMETRIC SYNTHESIS ARE Two METHODS 
FOR MAKING CHIRAL COMPOUNDS 


Faced with the need to obtain a chiral substance from either a racemic mixture Oran 
achiral compound, a chemist has two choices with general applicability. The first methog 
is enantiomeric resolution. As noted in the introduction to this chapter, enantiomers 
have identical chemical and physical properties, but diastereomers have different proper- 
ties. As a result, techniques such as crystallization cannot be used to separate a racemic 
mixture into its enantiomeric constituents. Separation by crystallization or chromatog. 
raphy can be accomplished on diastereomeric mixtures, however. Resolution is a process 
by which enantiomers are converted to diastereomeric derivatives that can be Separated; 
then the purified compounds are converted back to the pure enantiomeric molecules. 
The other route to make an enantiomerically pure compound is a kinetically con- 
trolled asymmetric transformation or, more simply, an asymmetric reaction. Such processes 
have attracted much interest in recent years because they allow chemists to create 
enantiomerically enriched products from achiral starting materials using a chiral cata- 
lyst or reagent. The 2001 Nobel Prize in chemistry was given for work on this topic. 


16.2 ENANTIOMERIC RESOLUTION 


16.2a RESOLUTION OF SOME RACEMIC SUBSTANCES MAKES 
Use oF DIASTEREOMERIC SALTS 


In the process that constitutes a classical enantiomeric resolution, a racemate is treated 
with a chiral reagent to produce a pair of diastereomers. The diastereomers are then 
separated by a method that makes use of their different physical properties. Once sep- 
arated, the diastereomers are treated separately with a second reagent to regenerate 
the resolving agent and the original substrate in its enantiomerically pure forms. 

Resolution of a racemic carboxylic acid will illustrate the specific steps in this pro- 
cedure. Acids and bases are often made into diastereomeric salts, which are separated 
by crystallization. The resolving agent in this example is l-amino-1-phenylethane, an 
amine with a single chiral carbon atom. 

The carboxylic acid reacts with the amine by an acid-base reaction, forming di- 
astereomeric ammonium carboxylate salts. 


CH, H н CH; 


Б Enantiomers (racemate) 
VSO ш 2 


Identical physical properties 


tu, 


(R) lsomer (S) Isomer 
н NH; 
CT 
(R) Ботег 
CH; H H, CH 
SM, " Ans M { 
соо- £ соо- 
CH; 
(R,R) salt (S,R) salt 
% = J 


Diastereomers 


These salts have different physical properties. 


16.2 Enantiomeric Resolution 


{R,R) salt in solution (S,R) salt in solution 


| fractional crystallization 


+ 
H NH; 


(R,R) Salt (solid) 


_ After isolation by filtration, the pure salt is treated with dilute hydrochloric acid, 
which regenerates the enantiomerically pure carboxylic acid and liberates the chloride 
salt of the enantiomerically pure amine. The latter can be recovered by extraction and 


neutralization. 
H,C H ae 
"Ww н NH; CH, H 
COO- Ў на, ч 
CH; —— > COOH + 


Optically pure 


. (R) isomer 
(R,R) Salt (solid) (R) Isomer Recycled 


In practice, the Tesolution of a carboxylic acid is usually accomplished by using 
unes Such as brucine or quinine, which have multiple chiral centers. The salts that 
orm are still diastereomers and can be separated by crystallization. 


CHO 


Brucine Quinine 


EXERCISE 16.1 


H А ; 
ow many stereogenic centers аге there in brucine and 


: quinine? Remember that some 
nitrogen atoms can be chiral (Section 4.97). 
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Amines and sulfonic acids react to form salts by an acid-base reaction: 
R—NH; + R’SO3H -> R—NHs R’SO3- 


Show how racemic l-amino-l-phenylethane, PhCH(NH3)CH;, can be resolved using 
optically active 10-camphorsulfonic acid. 


CH; CH; 
What is the configuration 
SOH of the carbon atom marked 
о with the asterisk? 


10-Camphorsulfonic 
acid 


16.2b RESOLUTION CAN BE ACCOMPLISHED BY PREPARING 
DIASTEREOMERIC MOLECULES 


Another way to carry out an enantiomeric resolution is to make a molecular derivative, 
rather than a salt. For example, enantiomeric alcohols can be converted to esters by 
treatment with an optically active acid chloride (a reaction presented in Section 21.3a). 


(R) only 
(В) and (5) (R) (5) 
U a ipd ad СУТ 6 
if о о oO, „О 
Алка NE > (R) L. + (R) Я 
он Min, hn, 
Racemic mixture k_y 
of 2-Hexanol Diastereomers 


Separated by chromatography 


These esters are diastereomers and can be separated by chromatography, a technique 
amenable for use with neutral substances. After chromatography, the ester is hydrolyzed 
{a reaction presented in Section 21.4d) to regenerate the enantiomerically pure car- 
boxylic acid, as its salt. Only the recovery of the (R) enantiomer is illustrated below. 


(0) (R) o7 
OHT, ЊО, A SS 
(R) ———3À сү + | 


29 OH 2 о 


Enantiomerically pure Recycled 


16.3 ASYMMETRIC SYNTHESIS 


16.3a A KiNETICALLY CONTROLLED ASYMMETRIC TRANSFORMATION 
RELIES ON DIFFERENCES IN TRANSITION STATE ENERGIES 

An asymmetric reaction (also called an asymmetric synthesis) is the other general method 

for preparing enantiomerically pure compounds from achiral precursors. Asymmetric 

reactions exploit chiral reagents and catalysts to create transition states with unequal 

energies as a result of spatial interactions between the reactants. 


16.3 Asymmetric Synthesis 


In the abstract, we can represent an asymmetric reaction by the following scheme, 
in which an achiral substance reacts with a chiral catalyst, generating diastereomeric 
transition states and enantiomeric products. 

((R)-X][(R)-catalyst]*  ——» (А) product 


A (R)-Catalyst 
{(S)-X][(R)-catalyst]* ^ — (S) product 


Achiral Diastereomeric Enantiomers 
(prochiral) transition states 


As with diastereomers, which have different physical properties, diastereomeric 
transition states have dissimilar energies. The enantiomeric products, however, have 
identical energies. The enantiomer that predominates will be generated via the transi- 


tion state with the lower energy. Figure 16.1 illustrates the energy profiles for the reac- 
tions shown above, in which the (S) product is the major one. 


СЕ [(R)-X][(R)-catalyst]* 


[(S)-X][(R)-catalyst]* 


Energy 


A 
(А) product | identical 
(5) product | energies 


Reaction coordinate 


Figure 16.1 


A reaction coord inate diagram for the reaction between achiral compound A and a chiral catalyst 
that preferentially yields the (S) product. The transition state structures are diastereomeric species. 


16.3b A PROCHIRAL CARBON Атом Has Two APPARENTLY 
IDENTICAL SUBSTITUENTS 


E all reactions between a chiral and achiral reactant take place via diastereomeric 
nsition states? No! For that to happen, the achiral substance actually has to be 
Prochiral, which means that it is readily converted to a chiral substance by a single sub- 


m Е Е : 
ütution or addition process. A prochiral carbon atom is one in which three of its four 
Broups are different. 


This carbon atom is said to be COOH COOH coo 
i H 
ag) because replacing р | 
ег of the like groups (the Dem. c Cras or Сл. 
УЧгодеп atoms) with another CHE ү“н CH7 \ "н єн wes 
Substituent can generate a H X H 


Dew chiral center. hiral 
Chira Chiral 
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А carbon atom that has three like groups is not prochiral; instead, it is homotopic, 


This carbon atom is not COOH poe 
prochiral because replacing bot c 
a hydrogen atom generates H^ чн x^ Y, H 
a species that is still achiral. H 
H 
Achiral 


In discussing prochiral substances, we differentiate the two like groups by labeling 
them—pro-(R) or pro-(S)—according to which configuration is produced by a particu- 
lar reaction. 


This is the pro-(R) 
hydrogen atom. 


соон соон соон 
сн Ew Ho? og le н ? сн bu Br 
H Br H 
This is called the "pro-(S)" (S) (R) 


hydrogen atom in this process 
because its replacement leads 
to formation of the (5) isomer. 


Notice that the designation of pro-(R) or pro-(S) depends on the reaction that is being 
carried out. The priority of the incoming group compared with that of the others pre- 
sent determines whether the replacement process can produce (R) or (S). 

If an achiral molecule contains prochiral carbon atoms, then the substituents at- 
tached to the prochiral center are enantiotopic because replacing each of the like 
groups leads to the formation of enantiomers. The allylic bromination reaction (Sec- 
tion 12.1f) shown below is a specific example in which the organic reactant has enan- 
tiotopic hydrogen atoms. 


These hydrogen atoms are enantiotopic. 


prof) — NH 


(PhCO),, А 


PEE. 


Enantiomers 


EXERCISE 16.3 


For the bromination reaction shown directly above, assign the рго-(А) and pro-(5) 
designations to the allylic hydrogen atoms, which are enantiotopic. 


If there is already a stereogenic center in the molecule, then replacement of one of 
two like substituents on a prochiral carbon atom will produce diastereomers. As a result, 
the two allylic hydrogen atoms in the following reaction are said to be diastereotopic. 


CH; H CH, H CH, H 
1 NBS, А ў ў 


These hydrogen atoms e Чёксод; 7 “хе Я 
аге diastereotopic. Ss af н TE 


(R)-4-Methyl-1-hexene (35,4R)-3-Bromo- (3R,4R)-3-Bromo- 

4-methyl-1-hexene 4-methyl-1-hexene 

d 2 
ÁN 


Diastereomers 


which conformation is considered, the two hydrogen atoms, Н, and Нь, have different 
relationships (gauche or anti) relative to the groups or atoms ac (o) EE 


H, Br 
H, сн; 
А CH Br 
iB 3 CH Br 
Nc cee À 
Br \ 
Hy, Сосн; Br Hy He H, 
сосн; CO,CH; 


Methyl! (S)-2,3-dibromo- H, is gauche to the CH i і 
i ‹ з group H; is anti to the CH 
2-methylpropanoate Нь is anti to the CH, group нь is gauche to the CH, group 


($)2,5-dibromo-2-methylpropanoate in Figure 16.2. The chemical shift difference can 
range from negligible to substantial, depending on the distance between the chiral and 
prochiral carbon atoms. 


Diastereotopic rotons are not magnetically equivalent (Section 13.1b), so they 
can engage in spin-spin splitting with each other. 15 coupling is called geminal coupling 


because the protons are separated by only two bonds instead of the three bonds that 


Br Br 
Ha—C—C— COOCH, 
—OCH; Н, CH, 


—CH; 


Eia — 
igure 16.2 


€ 300-MHz ІН NMR spectrum of methyl 2,3-dibromo-2-methylpropanoate. The assignments 


Of the si Ce 
TN З o: to H, and H; were made arbitrarily. The value of the geminal coupling constant, 
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Нь 
CH; Br 
Hi Br 
COCH; 


H, is gauche to the CO;CH; group 
Нь is anti to the СОСН» group 
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The terms prochiral, enantiotopic, and diastereotopic can also be applied to molecule, | 


with double bonds, A prochiral double bond is one that undergoes addition to Yield а 
chiral product. Prochirality is possible with а л bond because addition can occur to е}. 
ther the top or bottom face. In prochiral double bonds, the face of the x bond is either 
enantiotopic or diastereotopic, depending on whether addition yields enantiomers or 
diastereomers. In the following reaction, for example, the alkene shown has an enan- 
tiotopic carbon-carbon double bond because hydroboration followed by oxidative hy 
drolysis leads to formation of enantiomeric alcohols. 


: pre ca) 


C T CH; J CH; 
2. н,о,, OHT ҖИ нё ? 
CH; Nm CH, 2 CH; 
x 


H H H Hg H OH 
р "o ©) (R)-3,3-Dimethyl- (5)-3,3-Dimethyl- 
cyclohexanol cyclohexanol 


EXERCISE 16.4 


For the reaction shown directly above, assign pro-(R) and pro-(S) to the two faces of the 
double bond. 


16.3c THE ENANTIOMERIC EXCESS VALUE QUANTIFIES THE EFFICACY 
OF AN ASYMMETRIC REACTION 

As noted in Section 9.1d, the synthesis of enantiomerically enriched compounds falls 
into one of two categories: enantioselective (more of one enantiomer than the other is 
formed) or enantiospecific (10096 of one enantiomer is formed). As a way to quantify how 
well an asymmetric reaction proceeds, we express the degree of enantioselectivity as its 
enantiomeric excess, abbreviated ee. This value is defined as the proportion of the 
major enantiomer minus that of the minor enantiomer, expressed as a percentage. 
Thus, the transformation shown in the following equation occurs in 90 — 10% = 80% ee. 


о но н н он 
әлем. | SAX y 
(90%) (10%) 
80% ee 


fu, 


A reaction that proceeds with 100% ee is an enantiospecific reaction. 

If the ee of a reaction is > 90%, then it is often possible to obtain a pure enantiomer 
by crystallization, assuming that the product is a solid, of course. Remember, you cat 
not isolate a pure enantiomer from a racemic mixture by crystallization, but an unequal 
mixture of enantiomers, called a scalemic mixture, acts as if it were a pure compoun 
(the major enantiomer) containing an impurity (the minor enantiomer). 


ee ee EÓMRRM— X 


EXERCISE 16.5 


If a reaction produces a mixture of diastereomers, we can define diastereomeric excess; 9 
de, in the same way that we define ee. What is the de of the following process that 2" 
volves addition of HBr to the alkene double bond? 


16.3 Asymmetric Synthesis 


Cl 
Eo = 1 T T T 
Soc —ў tO io А + p 
Ratio: 1:4 


4 


16.39 A KINETIC RESOLUTION RESULTS FROM UNEQUAL REACTION 
RATES BETWEEN RACEMIC MOLECULES AND A CHIRAL REAGENT 


Another type of asymmetric process is kinetic resolution, which occurs when one enan- 
tiomer of a racemic mixture reacts faster than the other. This preferential reaction oc- 
curs when the transition state for the interaction of one enantiomer with the catalyst 
(or reagent) is much lower in energy than that for the other enantiomer (cf. Fig. 16. 1) 

In a kinetic resolution, therefore, one enantiomeric starting material is converted to 
product, and the other isomer does not react (or reacts slowly). This process is shown 
schematically below: 


(R-Reactant  ——— — [(R)-X][ (R)-catalyst]* —> (R) Product 


(R) catalyst 


(S)-Reactant [G)-XIE(R)-catalysq* 


Enantiomers Diastereomeric i 
Single product 
(racemate) transition states SIRE 


A specific example of kinetic resolution is the process by which lactate is converted 
to pyruvate, a reaction that occurs in the biosynthesis of sugars. Previously you have seen 
that enzymes oxidize alcohols to aldehydes and ketones (Section 11.4e). Lactate dehydro- 
genase (LDH) is the enzyme that catalyzes the oxidation of lactate to pyruvate, with NAD* 
asa coenzyme. If you were to mix LDH, NAD* and a racemic mixture of lactate together, 
only Llactate would react. n-Lactate would be recovered at the end of the cen. | 


lactate dehydrogenase 
t-Lactate 7—9 _ t-Lactate-(LDH) ——> Pyruvate 
complex 


D-Lactate —— ——9ÀX—————» Not bound by the enzyme 


Enantiomers 


a ghis selectivity is determined by the architecture of the LDH active site. In general, 
now that enzyme active sites are chiral, because they are made from amino acids, 


which, except for glycine, are chiral (Section 5.5b). For lactate dehydrogenase, the struc- 


a of the enzyme has been determined precisely. It is known that the side chain of his- 

ee (His) 95) forms a hydrogen bond with the OH group of L-lactate, and the side 

a of arginine-171 (Argi7i) forms two hydrogen bonds with the carboxy group of 

s Llactate ion. These three hydrogen bonds allow the enzyme to recognize and bind 

E ue ien The drawing in the top part of Figure 16.3 illustrates the active site 

те and shows the mechanism by which the hyd. - i 

E. os b y yarogen atom of L-lactate is trans- 
When Dlactate enters the active site of LDH, the fit between this substrate and both 
5195 and Arg;7; is imperfect. Two possibilities can be imagined: 


* If the enzyme active site is rigid, as shown in Figure 16.3b (A), then the hydro- 
gen bond between substrate and Hisj95 is either weak or nonexistent, and the 
Substrate may bind too weakly to stay long enough to react. 
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a. L-Lactate: 
b.  p-Lactate; 
о 
H;N 
A 


Figure 16.3 

(a.) A schematic 
representation of the active 
site of lactate dehydrogenase and 
its binding to and reaction 
with Llactate. (b.) Schematic 
representations of the possible 
binding modes of lactate 
dehydrogenase to D-lactate, 
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"d н н Ҹә 
ee di e. 


Ny „М 
H^ au zi 
\ 
о \ 
| i UNH 
CH; ex. H 
j о 


я н ©) | 
o I Hydrogen bonds to orient 
H 


L-Lactate in the active site 


N N 

N) 27 

rr < J 

R a | 

z Hiss 
NAD* coenzyme binding site 
4 | М rain > — Aa i 
~ со ЧИ ә <, 
HT ү : » Н H E Гб, 
E | 4 H^ X "Wm y 
1 UNH Ў AN хү 
a E 
Че н | : An f 
А О j CH; Cx H E 
? H Р is " X So 4 
н Мо hydrogen bond f p б i H A 
is fred, Ё 7 H хы This hydrogen atom is not 
Nd Гай | HN { Sy near the NADH coenzyme. 
< | +2 
A S £ k: ~ 


* Ifthe active site can bend to accommodate the formation of both sets of hydro- 
gen bonds, as shown in Figure 16.3b (B), then the hydrogen atom to be trans 
ferred to NAD* is in the wrong position. 


In either event, oxidation is either slow or does not take place, and p-lactate is recov- 
ered at the end of the reaction, 

Kinetic resolution processes are widespread among reactions of chiral molecules, 
and it is easy to mistake kinetic resolution for a true asymmetric reaction. In each case, 
the ee of the reaction will be » 095. For a kinetic resolution, however, the chemical yield 
can be only 50%, at most. 


16.3e PROTON NMR SPECTROSCOPY Is A USEFUL ANALYTIC TOOL ro 
MEASURE THE EE OF AN ASYMMETRIC REACTION 

Through the 1970s, the principal method used to judge enantioselectivity required one 

to measure the optical rotation (Section 4.2b) of a reaction mixture. The ratio of that 

number and the known value for the pure substance could be translated to a quantity 

called the optical purity, an expression that is still used. This approach to quantify the 

enantioselectivity of a reaction has several shortcomings, the most detrimental being 


16.3 Asymmetric Synthesis 


that even small amounts of chiral impurities can affect the rotation of plane-polarized 
light, which alters the ratio being calculated. Consequently, many values reported in 
the older literature are in error. 


chemical shift values. Analysis by NMR Spectroscopy requires that the enantiomers first 
be transformed into diastereomeric derivatives. 
One means to accomplish derivatization is to Prepare covalently modified prod- 


COOH R 
R R 
L a l | 
[Кош e CF,  racemic mixture сно V CF, F сно CF, 
СНЫ CH; CH; 
(R)-MTPA (R,S) (R,R) 


Once the MTPA derivatives have been prepared, either ndr]. the ІН NMR 
Spectrum can be recorded. In the 19F Spectrum, the CFs group of €ach diastereomer 
will have a separate chemical shift, differing by as much as 8 0.3-0.7. This difference be- 
tween the chemical shift values is designated Аб. If the separation is sufficiently distinct, 


then the integrated intensity values of the two signals provide the ratio between the 


amounts of €ach enantiomer. If this ratio is 1:1, then you are looking at a racemic mix- 


ment by observing the signals attributed to the ©Н; portion of the methoxy groups. In 
this case, the value of AB is between 0.1 and 0.2 ppm. 


[EXERCISE 16.6 


Mosher's acid is not the only compound used to measure enantiomeric purity. A class 
ОЁ chiral substances having a phosphorus atom allows the use of P NMR spectra (A8p 
= 0.1 - 0.8). Assign the configurations of the three chiral centers in the chloro- 
Phosphorus reagent (below, left). 


m CH; CH; 
oa R сњ || cH, | 


А М, " yY Е N " N, 
| е ы y pa xa 
Ke ome eges meas: d 
К d СІ "асетіс mixture , d “ун d / “мн 
ет СО R PhO 


ETL———— s e LL 
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A reaction that you perform yields a scalemic mixture of alcohols that is then treateg 
with MTPA to produce diastereomeric esters. The 19Е NMR Spectrum is recorded, and 
the results are shown below. Whatis the ee of this reaction? The integrated intensity v. 
ues are given in parentheses. 


(13.30) 
(3.16) 
T ГТ Г Т Toi T T 
06-04-02 0 02 04 06 08 1.0 
Аё, 


16.4 ENANTIOSELECTIVE ADDITION REACTIONS 


16.4a REAGENTS AND CATALYSTS USED FOR ENANTIOSELECTIVE 
REACTIONS RARELY HAVE PREDICTABLE STRUCTURES 


Literally hundreds of different asymmetric reactions have been discovered and used to 
make chiral molecules. Our attention here will focus on the addition reactions of 
alkenes, which provide some of the best cases for enantioselection. A summary of the 
reagents and catalysts that will be described is given in Table 16.2. These reagents and 
catalysts take advantage of the dissimilar shapes of the two faces of a double bond with 
respect to the shape of the reagent. Their mutual interactions give rise to diastere- 
omeric transition states, which provide the basis for enantioselection. 
To design a reagent that will react predictably with either face of a substrate x bond 
5 not an easy task. So far, the only way to tell whether a reagent will produce a suitable 
egree of ee is to prepare the reagent and test it. With results in hand, the structure of 
the reagent can sometimes be redesigned. There are cases in which such improve- 
ments have led to the discovery of more enantioselective reagents. Yet, even with com- 


Р) 
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Table 16.2 Enantioselective addition reactions and some of the reagents or catalysts that are used in 


asymmetric reactions. 
R; К, 
X / 


Reaction type Reagent or catalystab Alkene type С = 
R3 Ra 

drogenation [Rh(*P-P*)4(CH3OH);]* R1 or R3 must be Ar, and R; must be -NHCOR' 
Hydrog 

(Section 16.4b) Hz, CH30H 

[BINAP*}Ru(OAc)2 One of the R groups should be -COOH, -COoR’, 
H2, CH30H or -CH20H 

droboration (Ipc*)BH cis-Disubstituted and trisubstituted 

Hy 


(Section 16.4c) 


Epoxidation Mn(salen*)Cl, NaOCl cis-Disubstituted and trisubstituted: best when one 
(Section 16.4d) of the R groups is aryl 
FR*, HSOs, H20, CH3CN trans-Disubstituted and trisubstituted 


Dihydroxylation AD-mix*, t-BuOH, НО 
(Section 16.4e) (CH550;NH5) 


trans-Disubstituted and trisubstituted » 
cis-disubstituted » terminal 


“Моге: The asterisks in the reagent structure indicate where the chirality centers are located. 
Abbreviations used: BINAP = 2,2" Bis (diphenylphosphino)-1,1’-binaphthyi; (Ірс*)ВН» = (isopinocamphenyl) borane; salen = 
his(salicylidene) ethylenediamine; FR = fructose; AD = asymmetric dihydroxylation. 


16.4b ENANTIOSELECTIVE HYDROGENATION REACTIONS MAKE 
Use OF HOMOGENEOUS CATALYSTS 


ease. He took advantage of the known homogeneous hydrogenation of alkenes (Section 
15.3e) to explore how chiral phosphines (designated as *P~P* in the following equation 
and illustrated below at the right) attached to rhodium would influence the course of the 
reaction. The ligands are not the simple triphenylphosphine groups found in Wilkin- 


сно OCH; 
* Pu. Ph LP». 
Н COOR ^ 
Я сех " V CH,- ch, V, 
ўс" Ne Hei ^ NH, 
*p.p*)- 
"d 1. [Rh(*P-P*),(CH,0H);]* (Р-Р )= DIPAMP 
Hp, CH,OH И " 
нот Ss 2. њо* но РРБ, БРЫ, 
А 
SC— Ca, 
OH OH HC VH 
L-DOPA H CH, 
(99% ee) 


(*P~P*) = CHIRAPHOS 
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Rhodium is not the only metal that is useful for the homogeneous hydrogenation 
of alkene bonds, however. Ryoji Noyori, Professor of Chemistry at Nagoya Universi 
in Japan and a corecipient of the 2001 Nobel Prize in chemistry, has developed other 
types of catalysts during the past 30 years. These catalysts contain ruthenium and haye 
phosphine ligands different from those shown previously. 

The chirality of the ligands in Noyori's complexes depends on atropisomerism— 
the restricted rotation between aryl rings (Section 4.3c). The naphthalene rings in 
BINAP cannot be coplanar because of steric interactions between the rings and the 
diphenylphosphino groups themselves. If you make a model, you will see that (5). 
BINAP is not superimposable on its mirror image, (А)-ВІМАР. 


(S)-BINAP (R)-BINAP [(S)-BINAP]RuL, 


Either isomer of BINAP binds to a ruthenium(II) ion along with ancillary ligands 
such as carboxylate and halide ions and amines (all included as L, in the structure 
above). These complexes are useful catalysts for the catalytic hydrogenations of alkenes. 

Like the rhodium-based catalysts just mentioned, these ruthenium complexes 
catalyze the addition of Hg across л bonds by a combination of oxidative addition, mi- 
gratory insertion, and reductive elimination mechanisms (Section 15.3e). The mecha- 
nisms are not as clearly delineated, however, and several possible schemes have been 
proposed. Besides its carbon-carbon double bond, the substrate alkene must have a 
group that can bind to the metal ion. Unsaturated carboxylic acids, esters, and alcohols 
are good substrates, and the following reactions show some specific examples: 


[(R)-BINAP]Ru(OAc), 


diram. dd 100 atm Hz}, СН;ОН ACO. «СООН (83% ee) 
CH; CH; 
((R)-BINAP]Ru(OAc). 
CH; 100 atm Hz» ‘CHOW CH; (95% ee) 
Aco, AW „соон Aco, _LA__COOH : 
Eu [(R)-BINAP]Ru(OAc), CH; 
«е 100 atm Ha СНОН yee US 
. _100 atm Hy CH,OH , 
“ он 
H (100% yield, 96-99% ee) 


EXAMPLE 16.1 


Draw the structure of the substrate and indicate which reagent you would use to PT 


pare the following compound by means of catalytic hydrogenation. Assign the config- 
uration of the stereogenic center in the product molecule. 


CH2~¢~NHCOPh 


C$ 
CH,OH 


16.4 Enantioselective Addition Reactions 


To choose the substrate that forms the given product upon hydrogenation, you first 
identify the hydrogen atoms that will be added (assume syn addition of H to the 
alkene), which in turn defines where the double bond is located. For this molecule, 


HH H 


Mi | 
C~ C NHCOPh Cs, МНСОРҺ 
СУ VCH = СУ | + н, 
CHOH CHOH 


Next, consider what type of alkene the starting material is, and therefore which cata- 
lyst(s) сап be used. Because this alkene is substituted with both an aryl and 

group and because it is also an allylic alcohol, either reagent combination listed in Table 
16.2 can be used. As noted in Section 16.4a, we will not specify the enantiomer of the cat- 
alyst that is needed to produce the product enantiomer shown. The assumption is made, 
for example, that the use of [(S)-BINAP]Ru(OAc)s will yield one enantiomer of the 
product, and [(A)-BINAP]Ru(OAc)» will yield the other. (In actually performing this re- 
action, we would use whichever catalyst yields the desired result.) 


| 
NHCOPh _[Rh(*P-P*).(CH30H),] * 
Pee ee ie one CHa c NHCOPh 
| wo Qu 
CH;OH (BINAP*)Ru(OAO; CH,OH (R) 
H;, CH,OH 


[EXERCISE 16.8 


Draw the structure of the substrate and indicate which catalyst you would use to pre- 
pare (S)-naproxen (an over-the-counter analgesic) by catalytic hydrogenation. 


сн, 


H,CO 


(S)-Naproxen 


16.4с ENANTIOSELECTIVE HYDROBORATION IS A PRACTICAL WAY 
TO PREPARE CHIRAL ALCOHOLS FROM ALKENES 


Enantioselective variations of the hydroboration reaction (Section 9.4a) have also been 
studied for many years. Only one hydroboration reagent is described in this section, 
but dozens exist, tailored to specific applications and substrates. Asymmetric hydrobo- 
Tation is an example of a transformation in which the chiral reagent reacts stoichio- 
metrically, not catalytically. 

When borane (ВНЗ) is treated with naturally occurring o-pinene, the molecule 
(Ipc*)BHs can be isolated. Because of the shape of the bicyclic ring system, the boron 
atom attaches to the less hindered face of this alkene, as shown in the following equation. 


ee (+) isomer of o-pinene yields the (А) reagent, and (—)-o-pinene forms ће (S) 
agent. 


MIC. CH, HC... CH; 
H 
CH; BH; CH3 
BEN H THF” ae 
п (В) specifies the configuration of 
H the carbon atom bonded to boron. 


(*)-a-Pinene I(R)-(Ipc))BH; 
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The (Ipc*)BHg reagent reacts with alkenes in the way that any borane reagent 
does. Because it is chiral, however, it reacts differently with the two faces of RCH=CHR, 
so it forms diastereomeric organoborane products of the following type: (Ipc*) BHR. 
These products retain a hydrogen atom attached to boron, so they actually form dimers 
via three-center, two-electron bonds (Section 9.4a). An advantage to dimer formation 
is that the compound can be obtained as a single, pure isomer after crystallization. 


H Re T 
| HS us 
Los Le du 
р” » crystallize 
SJ H alkene H Ty: Ф is 
[(R)-(IpoIBH; (50-99% de) (7 9996 de) 


Once purified, the dimer is converted to monomeric chiral species by treatment 
with acetaldehyde. This step generates a diethyl (alkyl) boronate product and two mol- 
ecules of o-pinene, which can be recycled. No loss of chirality takes place during this 
step, so the alkylboronate is enantiomerically pure. 


N 


R* | OGHs 
des К ! 4 equiv CH,CHO ЧР, = - 
R* OCH; 


(>99% ee) 


Two examples of the overall procedure are, 


сн, н CH; 


B(OC,H;) S АВ(ОСН;) 
1. (0я)-(ројвн, (обн) 1. [(R)-(Ipo]BH; 
| 2. crystallize 2. crystallize 
3. 4 equiv CH,CHO 


3. 4 equiv CH,CHO 


The boronates obtained by this three-step procedure are readily oxidized with hy- 
drogen peroxide and base to yield alcohols that are also enantiomerically pure (Sec 
tion 9.4c). The boronates can also be used directly in the Suzuki reaction (Section 
15.8f) to form carbon—carbon bonds. Remember that replacement of the boron atom 
by other groups occurs with retention of configuration at the carbon atom to which the 


boron group is attached. 


EXAMPLE 16.2 


Draw the structure of the alkene needed to make the following alcohol by hydrobora- 
tion followed by oxidative hydrolysis with H5Os/OH-. Assign the configuration of the 
stereogenic center in the product molecule. 


Ph 


/ 
PhCH;—C».,, 
\ он 


H 


16.4 Enantioselective Addition Reactions 


First, expand the structure of the product. Hydroboration occurs by syn-addition (Sec- 
tion 9.4a), and replacement of the boron group with OH occurs by retention (Section 
9.4с), so the Н and OH groups to remove in a retrosynthetic analysis have to be syn. 
Note that two combinations of H and OH have to be considered because the methyl- 
ene group has two H atoms. 


Ph Ph Ph Ph H Ph H Ph 
t d — р È d = ус 

н 7| V OH / \ H i ^ OH / = \ 
H H H H Ph H Ph H 


Next, consider the selectivity of (Ipc*) BH». This reagent gives higher enantioselection 
with cis-alkenes than with trans-alkenes. The reaction is therefore written as follows: 


Ph Ph Ph Ph Ph Ph (№) 
Ed 1. (Ipc*)]BH; E d H,02, OH- UNES 
РА ГР X 2. crystallize 2 uj NE B(OEt), > неў ("OH 

H H 3. 4 equiv CH;CHO d H d " 


EXERCISE 16.9. 
Draw the structure of the alkene and write the equations showing the preparation of 
each of the following chiral alcohols by hydroboration followed by oxidation and hy- 


drolysis with HgOs/OH-: 


16.44 Oxo-TRANSFER CATALYSTS ARE USED FOR THE ENANTIOSELECTIVE 
EPOXIDATION REACTIONS OF ALKENES 


Epoxides are valuable reactants for use in synthesis because they undergo ring opening 
with nucleophiles in a regio- and stereoselective fashion (Sections 15.2c and 15.3b). Chi- 
ral epoxides are therefore important building blocks for making enantiomerically pure 
compounds. You learned in Section 11.3e that epoxidation of an alkene is readily ac- 
complished by treating an alkene with a peracid. The chirality in a peracid molecule is 
far away from the alkene x bond during the oxygen-atom transfer step, however; so use 
ofa chiral peracid usually results in poor enantioselection. Nevertheless, catalysts that 
сап transfer an oxygen atom to an alkene л bond have been discovered and developed. 

In 1990, Eric Jacobsen reported that a chiral manganese-containing catalyst leads 


10 the efficient and mild epoxidation of alkenes with high ee values using the inex- 
pensive cooxidant NaOCl. The catalyst is made using the ligand L (shown below and 
commonly referred to as “salen”), which binds manganese in the +3 oxidation state. 
This species, 1, reacts with NaOCl to form the oxidizing species, formally a man- 
Banese(V)oxo compound, 2. 
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HO о = 
- ма Н –2њо =N N= МАШ 
Hau} H + 2 2 acetate 
HON NH; t-Bu OH HO t-Bu DE 


(5,5)-1,2-Diamino- t-Bu 
cyclohexane 


Hw 


L 
AA 


H 
=N. A= Naocl =N, || „№ 
t-Bu “fey. Bu ев c ak 
а B Pu оао t-Bu 
t-Bu 


t-Bu 
(5,5) 


t-Bu t-Bu 


termediate and to produce sodium chloride. 


Б 


0 
Mn(salen*) 
Figure 16.4 а 
А reaction scheme for the 
Mn (salen*)-catalyzed 
epoxidation of alkenes, Мас! 


токе 
с 


Table 16.3 Epoxidation reactions of alkenes with NaOCI catalyzed by Mn[(S,5)-salen]Cl. 
Reaction Yield ee Yield ee 


CS) — (9) 


GO -QO = + 


Ph Ph 0, 
Кел 67 97 O — 75 92 
= 


(%) (%) 


V > Xd 84 91 


Reaction 


16.4 Enantioselective Addition Reactions 


The biggest drawback to using Mn(salen*) complexes for direct epoxidation is the 
Jack of selectivity in the ‹ epoxidation reactions of trans-alkenes. Fortunately, a different 
є of reagent can be utilized to epoxidize trans- and trisubstituted alkenes. 
Professor Yian Shi and co-workers at the Colorado State University have exploited 
chiral dioxiranes that are generated when derivatives of D- or L-fructose are treated with 
the persulfate ion. 


о 
м, „° 
К, Нѕ0;- 
o О “he chen? 


¥ H,O, CHCN Dioxirane ring 


You learned in Section 11.5 that dioxiranes convert amines to nitro compounds; they 
are able to epoxidize alkenes, too. The great advantage of the chiral dioxiranes derived 
from fructose derivatives is that both enantiomers are readily prepared from the inex- 
pensive sugars D-fructose and L-sorbose. Б E - : 


D-FR L-FR 


(from p-fructose) (from L-sorbose) 


The epoxidation reaction, which is general for many types of alkenes, is accom- 


plished by stirring the alkene, the ketone FR*, and persulfate ion (as Oxone) in aque- 
ous acetonitrile. 


R ЕК", HSOF РА R’ 
/ | H20, CH3CN 


R R” R R” 


Notice that the p-isomer of the catalyst yields an epoxide product with the configura- 
tion opposite that of the epoxide formed using the L-isomer: 


D-FR, НЅ0;- a о (94%) 
кеч. ааа ње. 95.5% ee 
H 
H 
L-FR, HSO,7 \ о (94%) 
H;O, CHEN > "Up 95.7% ee 
H 


Two additional examples, shown below, demonstrate that functional groups can be tol- 
rated and that aryl Broups аге not required to be present in the substrate molecule. 


нс“ 


H 


= ы О 
D-FR, HSO; р (89%) 
сен “Нз HO, CHEN ^ Cots CoH, 95% ее 
H 
` COOCH; 9 
D-FR, НЅ0;- em 2COO0CH; (89%) 
CH; H20, CH,CN CH, 94% ee 
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16.4 Enantioselective Addition Reactions 


Draw the structure of the alkene and specify the reagent that can be used j 
to 
each of the following epoxides: EU 


a. О b. о с. 
‘Cae. y 


16.4e THE AsYMMETRIC DIHYDROXYLATION OF ALKENES MAKES 


HC o 
CH; 


Use oF Osmium TETROXIDE AND CHIRAL AMINE LIGANDS Р Е 
The dihydroxylation of alkenes with osmium tetroxide, which produces vicinal diols Г 


(Section 11.3c), takes place with high enantioselection if chiral amine ligands are 
added to a reacti i ins potassium osmate and potassium ferri. 


-mix & and 


(DHQD),PHAL (DHQ),PHAL 


AD-mix о: K;OsO;(OH),, K3Fe(CN)<, КСО}, (DHQ);PHAL 
AD-mix В: K;0sO;(OH),, K;Fe(CN),, K;CO;, (DHQD);PHAL 


The dihydroxylation reaction is general for most alkene types, and simply using the 
other reagent mix switches the stereochemical outcome of the transformation. The ee 
values are not identical, however, because (ОНО): РНАІ, and (DHQD) :РНАІ. аге di- 
astereomers, not enantiomers. The degree of enantioselectivity is sufficiently high that ei- 
ther isomer of the diol product can be made in enantiomerically practical yields. For 


example, 
HO H 
AD-mix В, 1:1 t-BuOH—H;O ў 
Ба CH,SO;NH,, 0°C ? (R) oii (9896 ee) 
HO H 
AD-mix а, 1:1 -BuOH—H;O % 
TOO CH,SO,NH;, OC | (s) ОН (95% ее) 


Terminal alkenes do not react as enantioselectively as di- and trisubstituted alkenes, 
and cis-disubstituted olefins are dihydroxylated less selectively than trans-isomers. 


More recently developed ligands give better results with terminal olefins.) The fol- 
"poing examples will give you an idea about what results can be expected using the com- 

елда! AD-mix reagents. The chemical yields are very good to excellent, so they do not 
(ро a limitation on the procedure. 


“SS AD-mix p, 14 -Вион—н,о 
[73 


AD-mix B, 1:1 t-BuOH—H;,O 


AS CS DSTI ———Mc A Yon (84% ee) 


(97% ee) 


OH 
H OH 
OEt _AD-mix В, 1:1 t-BuoH—H;O * (5) COOEt 
сн ^w CO CH,SO,NH,, 25°C Сн {яу (99% ее) 
HO H 


The high enantioselectivity created by these reagents can be rationalized by con- 
sidering the possible shapes of the active reagent. 


Itis known that osmium binds to the spP-hydbridized nitrogen atom of the ligand. This 
coordinated species is much more reactive than osmium tetroxide itself, adding oxygen 
atoms across the л bond of the alkene according to the mechanism presented in Sec- 
tion 11.3с. The ligand is thought to create a cavity in which the olefin can add at only 
one of its faces to the osmium center Note that the ligand has approximate twofold 
Symmetry, so it does not matter which SP-hydbridized nitrogen atom binds to the os- 
mium tetroxide molecule, as long as the stoichiometry of metal to ligand is 1:1. The 
reagent formed after binding the metal ion no longer has twófold Symmetry, so the chi- 
Tal pocket that forms will interact. with the alkene in a single orientation to create the 
enantioselective bias. 


16.4f Enzymes CAN BE USED IN THE LABORATORY TO CARRY 
Our ENANTIOSELECTIVE TRANSFORMATIONS 


The previous sections have described a handful of reagents that have applications for 
asymmetric synthesis, Besides processes that take advantage of these synthetic reagents, 
there are cases in which an enzyme can be used in vitro (i.e., outside of its natural liv- 
ing environment) to perform desired transformations. The principal advantages found 

utilizing enzymic catalysts to make organic molecules are the high degrees of chemo, 
Tegio-, and enantioselectivity that can be expected. 

There are also disadvantages, however. One is the limited number of substrates 
that many enzymes will accept. In fact, certain substrates and products act as inhibitors 
for some reactions. Other limitations relate to the nature of the solvents that can be 
"sed. Most enzymes function best in water or aqueous buffer at a specific pH value, and 
these conditions may not be compatible with the solubility properties of an organic 
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compound. Discovering ways to employ enzymes in organic solvents is an active area of 
research. 

In the context of the reactions you have just seen, consider the dihydroxylation or 
benzene and its derivatives. This process is difficult to do in the laboratory, but micro. 
bial oxidation employing a particular strain of an organism called Pseudomonas putida 
is specific for the formation of the isomer shown in the following equation. 


CH; CH; 
OH 
Р putida (100% ) 
(strain 39D) ane 
OH 


Chloro- and bromobenzene react in a similar fashion, and the diol products can be 
used to make a variety of substances such as carbohydrates. Notice that if you want to 
make the enantiomer of the product, you cannot simply alter the enzyme as you can a 
reagent. Instead, you would have to search for a different enzyme, perhaps even from 
another organism. Moreover, such an enzyme might not even exist. 


16.5 SYNTHETIC DESIGN OF CHIRAL MOLECULES 


16.5a RETROSYNTHETIC DESIGN OF CHIRAL MOLECULES REQUIRES 
ADDITIONAL PLANNING 
With even the limited repertoire of asymmetric reactions and concepts of reaction chem- 
istry that have been covered in this chapter, you can consider how to incorporate these 
ideas into the planning of synthetic strategies. The concepts of retrosynthesis presented in 
Section 15.4 need only to be modified to consider when it is best to incorporate the stere- 
ogenic carbon atom(s) that appear in the product. There are at least three possibilities: 
1. Begin with a chiral starting material and employ stereospecific reactions. 
2. Carry out an asymmetric reaction during the course of the synthesis scheme. 
( 3. Prepare a racemic mixture and perform an enantiomeric resolution. 
The decision to use one of these methods depends mainly on the availability and cost of 
starting materials and reagents. As a result, even products with similar structures might be 


prepared using alternate strategies. Certain functional groups lend themselves to enan- 
tiomeric resolution better than others, so option (3.) might not always be viable. 


16.5b SPECIFIC EXAMPLES ILLUSTRATE THE PLANNING FOR THE SYNTHESIS 
OF ENANTIOMERICALLY PURE SUBSTANCES 
The best way to illustrate the design concepts in the synthesis of an enantiomerically 
pure compound is to look at examples that utilize the three methods listed in Section 
16.5a. Those approaches have to be considered in the context of the retrosynthetic 
analysis (Section 15.4), which leads us to adopt the following procedure: 
1. Draw the structure of the desired product if it is not given. 


2. Consider whether the functional group(s) that are present can be used to carry out 
an enantiomeric resolution. If so, propose a synthesis of the racemic product by nor- 


mal protocols (retrosynthesis via disconnections; functional group equivalents; | 


protecting groups: review Sections 15.4 and 15.5) 

3. Consider whether the functional group(s) that are present can be incorporated 
into the molecule by an enantioselective reaction. The data in Table 16.2 suggest 
that alcohols and epoxides are the most common functional groups that сап bé 


16.5 Synthetic Design of Chiral Molecules 


prepared by asymmetric reactions, but hydrogenati 
: | ‹ оп сап Бе use = 
boxylic acids, alcohols, and amides in some cases. аы 


4. If the functional group in the product is not easily incorporated by an enantiose- 
үсе кы consider whether there are functional group equivalents that can 
е introduced. If so, consider followin i 

t - ША 8 an enantioselective reaction wi - 
ospecific reactions to interchange the functional group Msn 

5. If the carbon skeleton needs to be built before introduc 
an asymmetric reaction, find logical disconnection sites 
ton can be constructed based on the functional groups 


ing a functional group by 
at which the carbon skele- 
identified in Steps 8 or 4, 


EXAMPLE 16.3 


Show how you would prepare (5)-3-aminohexane starting with an alkene that has six or 
fewer carbon atoms. You may also use any commercially available reagents and solvents. 


————MM 


1. Draw the structure of the desired product: 


NH, 


Pea 


2. Amines are amenable to enantiomeric г 
tion can be exploited in this instance. 
substitution products from alcohols ( 


esolution (see Exercise 16.2), so that ор- 
rae can be made by hydrogenation of 
ection 11.2c), which in turn can b 
К | ectic 3 e made 
fom A by hydroboration with oxidative hydrolysis. The product has six car- 
D atoms, and use of a six-carbon alkene is permitted in this exercise so you need 
only think about functional group interconversions. 


Retrosynthesis 


NH, OH 
E. A ==: РЕ us =—» CH3CH,CH=CHCH,CH; 


Вн THE OH 1. CH3SO,Cl, МЕЗ, NH; 
CH;CH,CH—CHCH;CH; A4 PM MN CHCl, PN КР 
- H202, OH 2. NaN,, DMF 
. 3. Ha, Pd/C 
Racemic Racemic 
Resolution 
NH; 1. (R)-10-camphorsulfonic acid NH; NH. 
E d. 2. crystallization pP. dom Н а 
por + „е 
Касетїс 


Separated and enantiomerically pure 


3. Amines are not readily made by the as i i i i 
So you need not bandas this Cum e m с 
4. Alcohols are functional 
and alcohols are readily 
the retrosynthesis strate 
made in chiral form by 
(Section 16.4с). A stere 


group equivalents of amines (via substitution reactions) 

prepared by enantioselective reactions. By making use of 
gy outlined directly above, the required alcohol can be 
asymmetric hydroboration followed by oxidative hydrolysis 
ospecific substitution reaction (Sy2) yields the chiral amine, 


Synthesis S = Inv = йы йай 


549 


CHAPTER 16 Asymmetric Reactions and Synthesis 


Notice that the alcohol must be made with its configuration opposite that OF the 
amine product because an Sy2 reaction proceeds with inversion of configuration 


Asymmetric synthesis 


1. (Ipc*)BH,, THE OH 1. CH,SO;CI, МЕЗ, NH, 
| 2. crystallize H єнє, y 
зенне OSO ЧУ ~nn n ne 
3. CHCHO 2. NaN, DMF 


4. H;0;, OH 3. Hz Pd/C 


EXAMPLE 16.4 


Show how you would prepare (15,2)-2-methyl-1-phenylcyclohexanol from organic 
compounds that have six or fewer carbon atoms. You may use any commercially avai} 
able reagents and solvents, 


——ÓM 


1. Draw the structure of the desired product: 


pp ЁЗ 


HO 


2. Enantiomeric resolution is not practical in this case because the alcohol is tertiary 
and benzylic, so it is likely to undergo dehydration (Section 8.1а). 


3. Alcohols сап be made by enantioselective hydroboration, so consider what alkene 
is needed. Hydroboration of the required alkene will be difficult because the 
alkene is tetrasubstituted, so this route is a poor choice. 


Retrosynthesis 


CH; CH; 
Ph, Ph 


4. Alcohols can also be made readily from epoxides, which can be prepared by enan- 
tiomeric processes (Section 16.4d). Use of an epoxide also allows you to attach one 
of the substituents to the ring while generating the alcohol group at the same time. 


Retrosynthesis 


CH 
РІ ш o 
n Ph, 2 7 Ph 
HO «i O ‘eo 
=> => 


Asymmetric synthesis 


H 
Ph ©З 


Ph Ph С 
MníSalen*]CI 1. CH;MgI НО «uw 
—— —— —9 — 5 
NaOCl, CH;CI; 2. њо? 


16.5 Synthetic Design of Chiral Molecules 


5, Working back to compounds having six or fewer carbon atoms, retrosynthetic 
analysis of the required alkene reveals a logical disconnection site between the six- 
membered ring and the phenyl group. The synthesis can be done by a Grignard re- 
action, followed by dehydration. (It can also be done via the Suzuki reaction.) 


Retrosynthesis 


о Вг 
Ph 
GO => + 
HO. Ph 
due. Qa “р 


Synthesis 


Rationalize the regio- and stereochemistry of the Grignard reaction that is used in the 
asymmetric synthesis route shown in Example 16.4: 


ph ЁЗ 


O, 
Ph, 7 
T 1. CH;Mgl HO i 
D 2. H;0+ 
EXAMPLE 16.5 


Show how you would prepare (S)-2-methylcyclohexanone from organic compounds 
that have six or fewer carbon atoms. You may use any commercially available reagents 
and solvents. 


——— 


l. Draw the structure of the desired product: 


o 
CH; 


2. Ketones are not amenable to enantiomeric resolution, so this option in not viable. 
3. Ketonesare not readily made by the asymmetric reactions described in this chapter. 


4. Recognize that a ketone can be prepared by oxidation of the corresponding alco- 
hol (Section 11.4), and alcohols can be made enantioselectively. Also note that ei- 
ther diastereomer of the alcohol can be used because the chiral carbon atom 
bearing ће OH group loses its stereochemistry during oxidation. Asymmetric hy- 
droboration is well suited for the transformation of an alkene to a chiral alcohol 
with two stereogenic centers. In the actual synthesis, asymmetric hydroboration fol- 
lowed by Swern oxidation (Section 11.4b) gives the desired product. 


Retrosynthesis 
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Asymmetric synthesis 


он о 
CH; 1. [(R)-Ipc]BH; E CH; cH 
2. crystallize DMSO, (coc), 3 
= ә — 
3. CH;CHO NEt,, CH;CI, 


4. H202, OHT 


5. To start with compounds having six or fewer carbon at 


oms, retrosynthetic analysis 
of the alkene reveals a logical disconnection site between the six-membered rin 


and the methyl group. The synthesis can be done using an organocuprate reagent 


(Section 15.3b), which is prepared from commercially available methyllithium ang 
copper(I) cyanide (Section 15.32). 


Retrosynthesis Synthesis 


CH; Br Br Li,Cu(CN)(CH;), CH; 
== om 2 


EXERCISE 16.12 


Draw the structure of the 
Example 16.5. 


EXAMPLE 16.6 


Show how you would pre 
halide. You may use anyc 


product after each step in the asymmetric synthesis given in 


pare (S)-3-methylhexanoic acid from any achiral organo- 
ommercially available reagents and solvents. 


—————— 


l. Draw the structure of the desired product: 


carbon dioxide. 


Synthesis 
CH; CH; 
~ A er 1. Mg, ether „ч. соон 
2. CO; 
+ 
Racemic но Racemic 
Resolution 
CH; 


2. crystallization 
Я 3. H,0* 
Racemic 


сн, сн, 
гм коон 1. Bracing А соон + SJ соон 


Separated and enantiomerically pure 


Chapter Summary 


3, To carry out an asymmetric synthesis, hydrogenation of an unsaturated carboxylic 


acid with Noyori’s BINAP catalyst is a good choice (Section 16.4b). 
CH, CH; 
~ СООН (BINAP*)RU(OAC), Po wx COOH 
100 atm Hz CHOH 


4. The unsaturated carboxylic acid 


is available via a Grignard reaction between a bro- 
moalkene and carbon dioxide. 


CH; CH; 


P > ме, ether х. соон 
d Ф 


3. H;0* 


EXAMPLE 16.7 


Show how you would synthesize the com 


pound shown here from any alkene starting 
materials and any other needed reagents 


and solvents, 
CH;CH, 
M 
H3C 
_——_———_. 


1. The structure of the desired product is given. 


2. An alkene is not easily resolved, and there is no other functional group present. 


3. A chiral alkene is not easily prepared by an asymmetric synthesis, so you have to 
consider functional group equivalents. 


4. An alkene can be considered as a deh 


Retrosynthesis 
CH3CH B нс LH 
X r, Н, HCH; 3 Neo 
H ve == $ E => { 
H3C © 
нс Е B(OEt), нс “н 
Asyminetric synthesis 
HeC, ен CH,CH 
p. 
i 1. (Ipc*)BH; H ч „нгсн; Pd(Ph,P),, NaOH 3 4 
p 2. crystallize HC ^ Br. > H "à 
HC H 3. 4 equiv CH,CHO B(OEt), O ud 
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Starting with any alkene, propose a synthesis for each of the following compounds, You 
may use any commercially available reagents and solvents. 


a. b. 
OCH; 


CN 


CHAPTER SUMMARY 
Section 16.1 Chiral compounds 
* Many compounds that occur naturally are chiral, and this property has influ- 
enced ideas about the synthesis of organic compounds, especially those that. 
have medicinal and pharmacological uses. 
* Two common strategies for obtaining chiral compounds from achiral Starting 
materials are resolution and asymmetric synthesis. 


Section 16.2 Enantiomeric resolution 
* Resolution makes use of the dissimilar chemical and physical properties of di- 
astereomers. The diastereomeric substances can either be salts or molecules. 
* After the formation of diastereomeric derivatives, a physical method—crystal- 
lization or chromatography—is used to separate them. Another chemical reac- 
tion is used to regenerate the original substance, now enantiomerically pure. 


Section 16.3 Asymmetric synthesis 

* In an asymmetric synthesis, diastereomeric transition states lead to the prefer- 
ential formation of one enantiomer over the other because the rates of reaction 
to form each enantiomer are different. 

* Compounds that can react via diastereomeric transition states have a prochi 
carbon atom or double bond (usually C=C or C=O), one that can be converte 
to a chiral product by a single substitution or addition reaction. 

* Prochiral atoms or double bonds that lead to formation of enantiomers are said 
to be enantiotopic. 

° The group of a prochiral center or the face of a double bond that leads to for- 
mation of a chiral center with the (S)-configuration is called the pro-(5) group 
or face. The one giving the (R)-isomer is pro-(R). 

* Prochiral atoms or double bonds that lead to the formation of diastereomers аге 
said to be diastereotopic. | 

* Diastereotopic protons are nonequivalent and can give rise to two -— 
chemical shift values in the ІН NMR spectrum. Geminal coupling can occur 
tween diastereotopic protons. 

* Enantiomeric excess refers to how much of one enantiomer is produced relative 
to the other, and the value is expressed as a percentage (96 major isomer - % 
minor isomer). 
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* A kinetic resolution occurs when one enantiomer of a racemic mixture reacts 
preferentially versus the other. The maximum chemical yield of an enan- 
tiomerically pure compound via kinetic resolution is 50% 


* Proton NMR spectroscopy is one way to measure the ee of an asymmetric reac- 
tion after the product is converted to a diastereomeric derivative. 


Section 16.4 Enantioselective addition reactions 


* The asymmetric catalytic hydrogenation of alkenes makes use of homogeneous 
Rh or Ru catalysts with chiral phosphine-containing ligands. 


* Chiral Ru(BINAP) catalysts are able to hydrogenate a wide range of olefins that 
have a binding group such as COOH or OH. 


* Enantioselective hydroboration is carried out with a chiral borane derived from 
0-ріпепе. Oxidative hydrolysis leads to the formation of chiral alcohol mole- 
cules, or a Suzuki reaction can be used to make carbon-carbon bonds. 


* The enantioselective epoxidation of alkenes, especially cis- and aryl-trisubstituted 
alkenes, can be accomplished with manganese complexes and NaOCl as the 
oxidant. 


è Chiral dioxiranes, formed in situ by the reaction between the persulfate ion and 
chiral ketones derived from fructose, can be used to catalyze the enantioselec- 
tive epoxidation of alkenes, especially those that are trans- or trisubstituted. 

* The Sharpless asymmetric dihydroxylation converts an alkene toa 1,2-diol using 


chiral osmium complexes. The chiral ligands are derivatives of cinchona alka- 
loids, naturally occurring chiral nitrogen-containing compounds, 


* Enzymes can sometimes be employed in the laboratory to carry out enantiose- 
lective reactions. 


Section 16.5 Synthetic design of chiral molecules 


* The retrosynthetic design of chiral compounds makes use of three strategies: 
starting with a chiral compound and using stereoselective reactions, employing 
an asymmetric reaction during the synthetic scheme, or carrying out an enan- 
tiomeric resolution of a racemic product at the end of a synthesis. 


ooo 


KEY TERMS 
Section 16.1a Section 16.3b Section 16.3c 
chiral pool prochiral enantiomeric excess, ee 
homotropic scalemic mixture 
Section 16.1c pro-(R) 
€nantiomeric resolution pro-(S) Section 16.3d 
asymmetric reaction enantiotopic kinetic resolution 


diastereotopic 


REACTION SUMMARY 


Sections 16.2a 


Resolution of carboxylic acids with chiral amines via formation of diastereomeric salts. 
€ diastereomers are separated and converted back to the enantiomerically pure car- 
Oxylic acid by treatment with dilute hydrochloric acid. 
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R | R 
(8). 
у-соон 2", У соо- (атіпе-н)* 
R’ R 


(R) and (5) (R, R) and (S, R} 
R R 
(S) R"-SO,H + 
n, > )—NH,  к'-5О; 
R’ R' 
(R) and (S) (R, S) and (S, S) 


Section 16.4b 


Enamides are hydrogenated by a rhodium catalyst with chiral phosphine ligands to 
form enantiomerically enriched amido esters. 


R NHCOR" H 
_/ [Rh(*P-P*), (CH, OH) le . 
FU Hy, CHOH > RCH 7S NHCOR 
H coor’ 2 Соок’ 


Alkenes undergo enantioselective hydrogenation reactions with Ru(BINAP) catalysts, 
where BINAP is a di(phosphine) ligand with a binaphthyl backbone that is chiral be- 
cause it exists as atropisomers (Section 4.3c). 


RON (BINAP*)Ru(OAc), oK 
O соон NS 

R' 100 atm H}, CH,OH 0 

X = COOH, COOR", CH;OH 


Section 16.4c 


Alkenes undergo enantioselective hydroboration reactions with (Ipc*) BHs reagents, 
which are formed from the reaction between ВН; and enantiomers of o-pinene. The 
organoborane produced by hydroboration with this reagent is treated with acetalde- 
hyde to produce an enantiomerically pure organoboronate. 


H R К R' 
үи 1. (Ipc*)BH; Acht 
F S 2. crystallize í R^/ Х“в(ос,н.) 
R R 3. 4 equiv CH;CHO H М ae 
Section 16.4d 


Jacobsen epoxidation. Alkenes—especially cis-alkenes—undergo enantioselective 
epoxidation reactions when treated with a chiral manganese catalyst and NaOCl. 


о 
Yad Mn(salen*)Ccl А 
/ \ NaOCl, CH;CI; /* *\ 


Alkenes—especially trans- and trisubstituted alkenes—undergo enantioselective epox- 
idation reactions when treated with the persulfate ion and a chiral ketone derived , 
from fructose. 


Se i 
o“ 
\ / 
/ E ноғ / 4 
H20, CH3CN 
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_ gection 16.4e 


The Sharpless asymmetric dihydroxylation converts an alkene to a 1,2-diol using chiral 
osmium complexes. The chiral ligands are derivatives of cinchona alkaloids, naturally 
occurring chiral nitrogen-containing compounds. 


HO OH 
Б c AD-mix* x / 
= AD in c 
/ t-BuOH, HO № IS 
(CH,SO;NHj) 


ADDITIONAL EXERCISES 


16.14. Show the scheme by which you would obtain enantiomerically pure 3- 
methylpentanoic acid by resolution of the racemic material. 


16.15. For the following reactions that you have learned, assign pro-(R) and pro-(5) 
designations to the hydrogen atoms that are replaced or to the face of the x bond 
to which addition has occurred. Draw the three-dimensional structure of each 
enantiomer in the product mixture. 


a. 
Br 
TO NBS, (PhCOO),, hv Seq 
————À 
b. 
OH 
H:O, H,SO, C" 
ММ. MM 3$ 
c. 
CH; CH; 
ee M 1. BH THF 
OO 
2. OH™ H303 
OH 


16.16. Many biochemically important molecules have prochiral carbon atoms. For 
each of the following, assign pro-(R) and pro-(S) (or neither) to each set of 
screened hydrogen atoms, assuming a hydroxyl group will replace one H. Label 
each indicated prochiral center as either enantiotopic or diastereotopic. 

R 


A i, © ? it Ny €, 
$ Р. с. 3 1.5 se A 
HH нн 5 vH He HHR dV 
p x5 ou oem „— = „Ж coon, 3 Ў соон t 
E 3 X4 5 
3 NE go Y FW 2 
3 Arachidonic acid KH H Lauricacid Н H 
№ ағ талдо ор д P f R } 
соо- 7 
T | p / 0}, 
H—C—H | K l ~ nor 4 p ; — 
Р н нё NH / 
p fes x \ соон [^ ET 
С=о ноос“ "c р wt” {COOH wc —C—COOH 
2 HoOC—cHÍ \ ЖАР rad 
соо 2 OH H 5 ~ H 
Oxalosuccinate Citric acid L-Phenylalanine Pyruvic acid 
E (b sel; i | пе елес. 
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16.17. The metabolism of citrate in many organisms proceeds throu 
steps: A key step is the hydration of aconitate, which produces (2R,35)-isocitrate 
For the following equation, draw the full stereochemical structures of these te 
molecules and indicate which face of the double bond in (Z)-aconitate is 


рго-(д) 
and which is рго-($). Or, are these designations even valid in this instance? Expl 
~OOC—CH, ~OOC—CH, 
_ aconitase \ 2соо- 
с—соо- 27%, < 
~OOC—CH Er 
OH 


(Z)-Aconitate (28,35)-Isocitrate 


16.18. Show how you would prepare each of the following compounds from any 
alkene, (Ipc*) BH», and any other necessary reagents and solvents: : 


a. b. c. 
№ 


À CH; 
NO of 


16.19. Calculate the ee or de for each of the following processes: 


О 


а. 
OH OH 
Z `0 1. ВН}, THF 2 О ЕА о 
Ratio: 65 : 35 =>Ce L5 
b. 


o. О, 
a go FR*, HSO,- : En + Jm 
; H;O, CH,CN 


16.20. The 300-MHz !H NMR spectrum of 3-methyl-2-pentanone is shown below. As- 
sign each of the observed signals to the protons in this compound, and account for 
the spin-spin splitting patterns that are observed. 


(3) 


gh a number of 
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16.21. Propose a reasonable synthesis for each of the following chiral compounds 
from any alkene or bromoalkene that has eight or fewer carbon atoms. You may 
also use bromobenzene and any necessary reagents and solvents. 


a. b. c. 


o 
о 
о 
т 
л, 
[e] 
I 


16.22. An unspecified asymmetric amination procedure is used to make 3- 
aminohexane (compound 1). This amine is subsequently converted to a mixture 
of diastereomeric phosphoramides 2 according to the following equation: 


| asymmetric 
See E: d 
amination 


a. Draw structures for the two diastereomers of 2. 
b. 


CH; А 
рі CH; 


М. 
2 oh” of “a 2 2 D 
RE HN UN P 
A SN 


Ph" fe) NHC,H,3 


(+)-1 and (—)-1 (+)-2 and (—)-2 


A?!P NMR spectrum of the mixture of (+)-2 and (-)-2 is illustrated below. 
The ?!P signal associated with (+)-2 occurs upfield from the peak assigned to 
(-)-2. What is the ee of the amine product in the asymmetric amination 
procedure shown in the first step of the preceding equation? 


$ (16.7) 


Intensity 


T 
-1 -0.8 -0.6 -04 -02 0 02 04 06 
A8, 


16.23, Rationalize the stereochemical result of the following reaction sequence: 


о Fa 1. MSCI, МЕЗ, CH;Cl, ы 
ee Net, SHC. 
2. CH", DMF 

PX on ; Ё 
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16.24. For each of the following transformations, draw the structure of the isomeric 
products and assign the absolute configuration for each of the chiral centers pre. 
sent. What is the ratio of isomers formed in each reaction scheme? The relatiu, 
amounts of each enantiomer are indicated at the far right side of each equation, 


а. 
о“ 
AD-mix*, 0°С 
— 91% ee (S) > (А) 
оо ds о FT 
b. 
pow —IBINAP*IRutOAQ, ... 96% ee (S) > (А) 
Ha, СНОН 
C. 


AD-mix*, 0*C 


9, 
D SS Ll SS Sua онно? Но 84% ее (А) > (5) 


16.25. Compound A, СН, was treated with ozone followed by zinc and water, yield- 
ing only B, the NMR spectrum of which showed a triplet at 6 9.9 (J= 2 Hz, inten- 
sity = IH), a doublet of quartets at 6 2.3 (J= 2 Hz and 7 Hz, 2H), and a triplet at 8 
1.0 (J= 7 Hz, ЗН). When А was treated with either of the epoxidizing reagents de- 
scribed in Section 16.4d, meso-compound C was formed. Treating C with ethyl- 
magnesiuin bromide followed by hydrolysis gave racemic compound D, СНО. 
Draw the structures of compounds A through D, including stereochemistry. 


16.26. Based on the discussion in Section 16.3a about diastereomeric transition 
states, explain how an enzyme takes advantage of the prochirality of its substrate to 
produce a chiral product. 


16.27. The metabolism of citrate was mentioned in Exercise 16.17. If you were to per 
form this metabolic reaction in the laboratory with the following 15C Jabeled cit 
rate, you would discover, after you isolated the isocitrate molecule, that the labeled 
carbon atom was still present as a methylene group. Based on your answer to Ex 
ercise 16.26, rationalize this result. 


-оос-?сн, _ -оос-?сн, -оос-?сн, 4 
5997 Lua с—соо- == \< 600 
Уон Т = Кане 
-оос—Сн, -оос—сн -оос—сн 
2-"¢.-Citrate 4-"c-(Z)-Aconitate OH 


4-°c-(2R,35)-Isocitrate 


Notice that the central carbon atom in citrate is prochiral because it is bonded to 
two CHyCOO™ groups. 


~OOC—Ch, 
* „СОО 
s 
OH 
wooed 
Citrate 


THE CHEMISTRY OF BENZENE 
AND ITS DERIVATIVES 


17.4 STRUCTURAL ASPECTS OF AROMATIC MOLECULES 
17.2 ELECTROPHILIC SUBSTITUTION REACTIONS OF BENZENE 


17.3 ELECTROPHILIC SUBSTITUTION REACTIONS OF BENZENE 
DERIVATIVES 


17.4 OTHER REACTIONS OF BENZENE AND ITS DERIVATIVES 
CHAPTER SUMMARY 


During the 1800s, many of the compounds isolated from coal tar were referred to as 
‘aromatic compounds” because of their characteristic fragrances. Scores of these sub- 
stances were subsequently shown to be derivatives of benzene, a compound identified 
by Michael Faraday in 1825. The structure of benzene presented a challenge to 
chemists in the nineteenth century because its high degree of unsaturation could not 
be reconciled with its low reactivity toward many reagents that readily transformed 
alkeaes and alkynes into other types of molecules. 

Several chemists—Andrew Couper in England, Joann Josef-Loschmidt in Aus- 
tria-Hungary, and August Kekulé in Germany—proposed structures for benzene dur- 
ing the early 1860s. Kekulé, who was a renowned professor and author of many 
textbooks, is generally credited with proposing the correct structure in 1865 after pur- 
portedly receiving inspiration from a dream. In his proposal, benzene existed as an 
equilibrium mixture between two cyclic forms with three alternating single and double 
bonds, as shown below at the left. The modern structure (Section 2.72) is ostensibly 
similar (below, right), but benzene's structure is now viewed as a resonance hybrid of 
two equivalent forms, the important distinction being that there are no alternating sin- 
gle and double bonds, hence all of the bond lengths are equal.  ' 


wel! LS 


Kekulé proposal: Modern understanding: 
interconverting isomers resonance hybrid 


Still, we pay tribute to Kekulé’s insight that added to the development of bonding the- 
ories by referring to the resonance forms of benzene as Kekulé structures. 

Benzene is only one member of the group of compounds that are classified as aro- 
matic. This chapter begins with a discussion of the characteristics that define aromatic 
Compounds, which are also called arenes. Following the subject of aromaticity is a brief 
Teview of nomenclature and NMR spectroscopy as they apply to benzene and its deriy- 
auves, and then the remainder of the chapter describes in some detail the types of re- 
actions that benzene and its derivatives undergo. 
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17.1 STRUCTURAL ASPECTS OF AROMATIC MOLECULES 
eb эче ane eee ee „————_——_————_— 


17.1a BENZENE Is More STABLE THAN RELATED COMPOUNDS WITH 
ISOLATED OR CONJUGATED DOUBLE BONDS 

You learned in Section 8.1c how the enthalpy of hydrogenation, АН" hydrog» could be 

used to evaluate the stabilities of alkenes. The same type of measurement can be ap- 

plied to benzene; note, however, that the hydrogenation of benzene requires both 

heat and high pressures of Нә, which means that its reaction with hydrogen is slower 

than those of alkenes and alkynes. E 

When Н» adds to cyclohexene to form cyclohexane, AP hydrog = —28.4 kcal тог! 
(Figure 17.1). Ifwe could carry out the same reaction on the imaginary molecule 1,3,5- 
cyclohexatriene, the value of AH? pydrog should be three times that amount (three dou- 
ble bonds vs. one for cyclohexene), or about -85.2 kcal mol". For benzene, however, 

: -1 
the value of AH’ pydrog is —49.3 kcal mol. 

The energy "difference between AH hydrog (benzene) and АН hydrog (1,3,5- 
cyclohexatriene) of about 36 kcal mo!" is called the resonance energy, which must rep- 
resent the degree of stabilization of the benzene ring relative to tbe imaginary triene, 
because the final product is the same for each reaction. Benzene clearly has an excep- 
tional degree of stability relative to that of the other six-membered ring polyenes. 


17.1b AN Aromatic COMPOUND HAS (4м + 2) Tt ELECTRONS 

IN A PLANAR RiNG Ғ 
The property that accounts for the unusual stability of benzene is called aromata 
and molecules that possess significant resonance stabilization of the type descri s E 
Section 17.1a are called aromatic compounds. The basis for aromaticity is B ize 
by a theory proposed by Erich Hückel in 1931, a formalism that has come to be known 
as Hückel's rule or the 4n + 2 rule: 


A molecule is aromatic when it has a planar, uninterrupted, and cyclic л system 
that contains 4n + 2 electrons, where n = 0, 1, 2, 8, 4, and so on. 


Ha Pd/C + , 
AH = -28.4 kcal mol 


Cyclohexene 


AH = -85.2 kcal mol" 
Н», Pd/C + So 


(theoretical) 


1,3,5-Cyclohexatriene Cyclohexane 


(imaginary) 


Н, Pd/C + O 


Benzene 


AH = -49.3 kcal mol" 


Estimated resonance energy 
for benzene: 


85.2 - 49.3 = 35.9 kcal /mol"* 


Figure 17.1 | | a 
The reactions used to compare the AH? nydrog values for cyclohexene, the imaginary molec 
1,3,5-cyclohexatriene, and benzene. The numeric difference between AH? hydrog £0r 
cyclohexatriene and for benzene is the estimated resonance energy for benzene. 


17.1 Structural Aspects of Aromatic Molecules 


The basis of Hückel's rule has to do with the relative energies of the MOs in aro- 
matic compounds. As you learned in Section 10.2a, the number of t MOs equals the 
number of atomic p orbitals required to construct the л system. To generate the MOS 
needed for aromaticity, overlap has to occur between р orbitals on adjacent atoms. Be- 
cause aromatic compounds have to be cyclic, this overlap will occur only when the ring 
is planar and each p orbital is aligned with its neighbors. Furthermore, there cannot be 
a “gap” in the overlap among the orbitals, so every atom must have a p orbital. 

Hückel recognized that when these criteria are met, the resulting MOs have rela- 
tive energy values that are ordered as shown in Figure 17.2. The MOs that are lowest in 
energy—the bonding orbitals—are filled for molecules with an odd number of elec- 
tron pairs (4n + 2 л electrons), which means that the x system has 2, 6, 10, 14, and so 
on electrons. Benzene has six carbon atoms, hence six MOs, and adding its six x elec- 


trons (three pairs) to the MOs will fill the bonding orbitals and leave the antibonding 
ones vacant. 


v,* 
antibonding 
8 
Б p —— — ys 
c 
ш 
v, ll th Ys 
bonding 
м 
еуеп питбег odd number 
of MOs of MOs Benzene 
(a) (b) (©) 
Figure 17.2 


Relative energy levels for the molecular orbitals generated from uninterrupted, overlapping 
atomic р orbitals in planar, cyclic molecules. The vertical dotted lines signify that additional 
orbitals may be present at these intermediate levels. (a) The energy levels of MOs in molecules 
with an even number of atoms. (b) The energy levels of MOs for molecules with an odd 
number of atoms. (c) The energy levels of MOs for benzene showing that the bonding orbitals 
are completely filled by the six available л electrons. 


17.1¢ CYCLOBUTADIENE AND CYCLOOCTATETRAENE ARE NOT AROMATIC 


Some cyclic compounds with alternating single and double bonds, which as a class are 
called annulenes, have reactivity properties that differ from that of benzene, even 
though at first glance, their structures look similar. Cyclobutadiene, with four carbon 
atoms, is unstable except at very low temperatures. Cyclooctatetraene, with eight car- 
bon atoms, reacts like a typical alkene. Its ring is not planar, and the bond lengths are 
not all equal. Neither molecule has 4л + 2 л electrons, and neither is aromatic. 

А simple mnemonic allows us to arrange the order of the energy levels for a com- 
pound that we think might be aromatic. We start by drawing the ring with one atom 
pointing down. Then, for every vertex of the ring, we draw a horizontal line that cor- 
responds to an energy level. For cyclobutadiene, this drawing is made as shown below: 


H 
| 
c Rr Š 
d c ————-There are two vertices 
H—C. н e 
х AU Weer at this level. 
| 
H 
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Once the energy levels are drawn, the electrons are added to the MOs beginning 
with the ones at lowest energy. Cyclobutadiene has four MOs and four available electrons, 
so the MOs are filled as shown below (a.). This representation assumes that cyclobutaqj. 
ene has a delocalized п system like benzene. The two MOs at the second levels are not filled, 
however, so this molecule is actually antiaromatic, which is destabilized relative to the anal- 
ogous cyclic polyene. When a molecule is classified as antiaromatic, it will instead have 4 
structure that removes the orbital degeneracy (the orbitals at the same energy levels) апа 
allows the electrons to pair. The actual structure of cyclobutadiene has two carbon-carbon 
л bonds of equal energies, as illustrated in (b.), and the bond lengths are not all equal. 


i b. 
| н. а т* 
че Seu = —- iT 
X ji T - ^u + oe T 


EXERCISE 17.1 


Using the mnemonic mentioned above, show the relative energy levels that would be 
used to assess whether cyclooctatetraene is aromatic or antiaromatic. Add the eight 
electrons to the MOs, and explain why this compound is antiaromatic. Make a model 
of cyclooctatetraene and predict its actual shape. 


17.1d THE CvcLoPENTADIENYL ANION 15 AROMATIC 


ith five and seven carbon atoms cannot form an uninterrupted л system 
и cu has sf? hybridization. Cyclopentadiene can be NM to 
form the cyclopentadienyl anion, which now has &ve carbon atoms with sp hybri E 
tion. The pK, value of the parent hydrocarbon, С5Нь, is~ 16, which makes it nearly 
acidic as water. The factor that accounts for its acidity is the aromaticity of the anion. 


HC—CH HC— CH 
/ Y base H / p 
HC, „ЄН a C n 
[e С 
/v | 
H H H 


The relative energy levels of the MOs for the cyclopentadienyl system can be We 
as we did for cyclobutadiene. With one vertex pointing down, we draw a E к 
that córresponds to the energy levels of the MOs (Fig. 17.3a). The d a Е. 
(abbreviated Cp) anion is aromatic because the three lowest MOs are filled: 2 Роа 
and has six m electrons, just like benzene. cic aia aca radical and the cyclop 

i i antiaromatic and unstable. | 

же оп ae be isolated in the form of stable salts. Transition metal ions К. 
“п complexes” with this ion, and ferrocene is the prototype for literally thousan 
organometallic compounds with the Ср ion (Figure 17.3b). 


$ 


a —————— M — 
EXERCISE 17.2 


i еп- 
Generate the corresponding energy level diagram expected for the MOs of the e E: 
membered ring systems. Classify the cycloheptatrienyl anion, radical, and cati 
aromatic or antiaromatic. 
— ÓÁÓ——— A — A —Ó€—— Pa —————QáÍ—Ó 


17.1 Structural Aspects of Aromatic Molecules 


а. m _ b. 


A 


р Е Bis(7-cyclopentadienyl)iron(II) 
Meee — (7)... ol H (ferrocene) 


Figure 17.3 


(a) The energy levels for the MOs of the cyclopentadie: 
anion (bottom). (6) The structure of ferrocene, which h: 
to an iron(II) ion. 


nyl cation (top), radical (middle), and 
as two cyclopentadienyl anions bonded 


17.1e Cvcuc CowPouNps WITH MULTIPLE RiNGS OR HETEROATOMS 
CAN Arso BE CLASSIFIED As AROMATIC 


Hückel's rule strictly applies only to compounds with a single ring, 
for those with multiple rings as well. For example, naphthalene h 
two rings, and anthracene and phenanthrene each have 14 л ele 
rings. All three react in ways that are similar to benzene and its deri 
considered to be aromatic. (More will be said 
these molecules in Section 25.1.) 


COO с 


but it is often used 
as 10 x electrons in 
ctrons among three 
ivatives, and they are 
about the properties and reactions of 


Naphthalene Anthracene 


Phenanthrene 
(10 п electrons) (14 т electrons) (14 т electrons) 
A heterocycle, which is а cyclic compound that has at least one heteroatom within 


it ring, can also be classified as aromatic if the 
T system that contains 4n + 2 electrons. To co 
that an atom can have only опе р orbital that 


the MOs and л system. The electrons to be cou 
as follows: 


ring is planar and has an uninterrupted 
unt the electrons correctly, first realize 
will be aligned with the others to create 
nted in the assessment of aromaticity are 


° Ifan atom forms a zx bond, then its two electrons are included in the total. 


If an atom forms a t bond and has an unshared el 
trons of the л bond are included in the total. 

If an atom has onl 
cluded in the total. 


Ч ectron pair, only the two elec- 


у unshared pairs, then only one pair (two electrons) is in- 


To illustrate the foregoing points, Figure 17.4 shows the valence bond representations 


trons that constitute the aro- 


properties and reactions of these and related mole- 
5 will be presented in Sections 25.2 and 25.3.) 


9f three typical aromatic heterocycles as well as the elec 


Matic л systems. (More about the 
cule: 
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a ts 


LS „ж 


b. Pyridine Thiophene Pyrrole 
2e 
2e" Ss K: 
5 2e N 2e7 
N^ е- > | 
H 


These electrons are in a perpendicular 
orbital and are not part of the т system. 


Figure 17.4 
(a.) The valence bond representations of pyridine, thiophene, and pyrrole. (5.) Structures 
showing the six electrons that constitute the aromatic m system. 


EXERCISE 17.3 


Specify how many п electrons each of the following molecules has, and circle the com- 
pounds that are expected to be aromatic: 


a b. с. д. 


17.1f DISUBSTITUTED BENZENE ISOMERS ARE NAMED USING 
THE PREFIXES ORTHO, META, AND PARA 


Like their parent compound, substituted derivatives of benzene are aromatic because 
they have six л electrons. Even though the substituents attached to the benzene ring 
can influence the electron density at different carbon atoms of the т system, rarely do 
they exert enough effect to disrupt the compound's aromatic character. 

To review briefly the nomenclature of benzene derivatives (Section 1.3a), recall 
that many such compounds are named with the root benz, followed by a suffix that des- 
ignates the principal functional group. Prefixes identify the substituents attached to the 
ring, and numerals are used to indicate the positions of attachment. 


cl CH; NO, Sc 
2 5 
COOH 7 х, мс! 
{ 3 
з MA CHO yo ^d 
Br NO; CN 


2-Bromo-5-methyl- 1,4-Dinitrobenzene 2,3-Dichloro-4-vinyt 


2-Chlorobenzoic acid 
benzaldehyde benzonitrile 
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When only two groups are attached to a benzene ring, the positional relationship 
between them can be specified by the prefixes ortho (о-) for 1,2-disubstitution, meta 
(m-), for 1,3-disubstitution, and para (p-), for 1,4-disubstitution. For example, 


lon 
Br 


p-Dibromobenzene 


o-Nitrobi ic aci 
(1,4-Dibromobenzene) eee 


(2-Nitrobenzoic acid) 


m-Chlorobenzaldehyde 
(3-Chlorobenzaldehyde) 


Some names use à root word different from benz-, and these include phenol, 
anisole, aniline (Section 1.3a), and acetophenone. These once common names were 
incorporated into IUPAC system. For example, 


d Br о 
= ч d cl c 
4 
1 : T E 
3 
OH y och, zd H,CO 


CH;CH; NH; 
m-Chlorophenol 5-Bromo-2-ethylanisole 2,3-Dichloroaniline p-Methoxyacetophenone 


The names of most methylated benzene derivatives do not include the root word benz- 


. The common root for the isomers of dimethylbenzene is xylene, which requires use of 
the o-, m-, or p- prefix. 


CH; CH; CH; CH; CH; CH; 
© O” CH; 
CH; Ка CH; H3C 
CH; CH; 
Toluene o-Xylene m-Xylene p-Xylene Mesitylene Durene 


EXERCISE 17.4 
Draw a structure corresponding to аһ of the following names: 


: 3-Chloro-2-methylphenol y, © 


‚ m-Hydroxybenzoic acides e V. n 
- oDichlorobenzene ü 


. 2,6-Dimethoxytoluene Qs 


© а о cn» 


m 
00 "Dibromo-mxylene (for benzene Watives with common root names, sub- 
stitution on a carbon atom adjacent to the ring is indicated by “@”). 


al? Pirre 


Name the following compounds. 


olere 
©) B пењу) beanie eod | 
Ө уу Эф amag d] рор таай 
Cl 


: b. 
CH; CH; 
Q, QT At 
HO 
" NH; CHO 


a. 
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17.19 PROTON NMR SPECTRA ARE USED TO DETERMINE 
THE SUBSTITUTION PATTERN OF A BENZENE RING 


You learned in Section 13.2b that spin coupling between protons attached to a benzene 
ring creates splitting patterns in the aromatic region of a ЇН NMR spectrum that can be 
used to determine the substitution pattern of the ring. The most prominent Splitting 
patterns result from ortho coupling, that is, coupling between protons that are ortho to 
one another. The magnitude of this coupling constant, J, is ~ 7-8 Hz. For a disubstituted 
benzene ring, the three possible patterns that you will observe are shown in Figure 17.5, 
(Two of the common splitting patterns for trisubstituted benzene derivatives were pre- 
sented in Figure 13.12 along with that for the para-disubstituted benzene ring.) 


ortho meta para 
X X X 
Ha Y Hs Hs H, Ha 
н; Hg н; Y Hy Hp 
He Hy ¥ 
(1) (1) (0) (1) 0) 0) (1) 0) (2) (2) 
Н, Нь He На Ha Нь Н, Hg Hs Нь 


Рідиге 17.5 е | 
Splitting patterns observed for disubstituted benzene derivatives (X and Y are substituents 
other than H). The order in which the signals appear, left to right, is arbitrary. 


Remember that the sum of integrated intensity values for the entire aromatic region re- 
veals how many substituents are attached to the ring, so a total value of 4 indicates that 
the ring has two substituents. oe 

Even though the principal pattern you observe will be one of those in Figures 13.12 
or 17.5, be aware that long-range coupling can occur between protons that are meta to 
each other (Section 13.4b and Table 13.3). These splitting patterns have smaller J 
values—usually < 2 Hz—so they are generally easy to spot, as illustrated in Figure 17.6 
for the ЇН NMR spectrum of 2-nitro-4-methylphenol. 


He Hy Ha OH 
— = 7Hz | лав = 7HZ He NG 
| Umeta= 1H2 Il Il mes tHz с ы 
CH; 
| М: n 
| | i T | | 
7.8 7.6 7.4 7.2 7.0 


Figure 17.6 


The ІН NMR spectrum of 2-nitro-4-methylphenol in the aromatic region. Considering only 
coupling between H, and Ну, which are ortho, this trisubstituted benzene derivative о, 
display two doublets and a singlet (see Fig. 13.12). The smaller splitting observed (especially 
on the peak at à 7.39) is the long-range meta coupling (J= 1 Hz) between H, and Н, 


17.2 Electrophilic Substitution Reactions of Benzene 


XERCISE 17.6 


Shown in (a.) is the aromatic region in the ІН NMR spectrum of benzoic acid. Match 
the resonances to the aromatic protons in the structure given in (b.), 


and rationalize 
the appearance of the splitting patterns. 


B У ср b. 
(2) Ha 
Q н, соон 
н; н, 
Нь 
(1) 
Bei i T I> А T T P d 
8 7 
8 


17.2 ELECTROPHILIC SUBSTITUTION REACTIONS 
OF BENZENE 
eee 
17.2a BENZENE REACTS READILY WITH ELECTROPHILES 
AND UNDERGOES SUBSTITUTION 


As noted in the introduction to this chapter, the reactivity of benzene was initially puz- 
zling because the ring was known to be highly unsaturated, yet addition reactions did 
not occur. Instead, the hydrogen atoms could be replaced by a variety of groups. 

As we now understand benzene, its л system is electron rich; therefore, at its core, 
benzene isa nucleophile. As expected, benzene reacts with electrophiles. The general 
reaction mechanism, called electrophilic aromatic substitution, comprises two steps. 


Step 1 Generation of the carbocation intermediate; this step is rate determining. 
Step 2 Regeneration of the aromatic system by deprotonation of the cation in- 


termediate. 
H H Е H 
H 
CHN " H H^ H E 
+ ETX —— + X7 —ә + HX 
H gm © н н © н н 
H H H 
Nucleophile Е = electrophile Carbocation Substituted 
intermediate product 


Notice that the carbocation intermediate formed in Step 1 is resonance stabilized: 


lr foe um 
H + 
H H H н H 
H H нт H H *^H 
H H H 
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This delocalization of electrons in the intermediate has a distinct influence on the re 
actions of benzene derivatives (Section 17.3), so make certain that you are familiar with 
these structures. 

The energy profile for an electrophilic substitution reaction of benzene is illus. 
trated in Figure 17.7 and is typical for an exergonic reaction that proceeds via an B 
termediate (Section 5.4c). 


Intermediate carbocation 
E 
~ С. 
H 


Energy 


(Ун БЕХ 


Reactants 


Products 


Reaction coordinate 


Figure 17.7 
The reaction coordinate diagram for an electrophilic substitution reaction of benzene. 


The types of electrophiles that react with benzene vary widely in their structures, 
and five common ones are listed in Table 17.1 along with the actual reagents that are 
used and the products that are obtained. The followi g sections will discuss specific as- 
pects of each reaction. 


Table 17.1 Electrophiles used to convert benzene into substituted derivatives 


Electrophile Reagent Product 
Ome ss 
CI*, Br* 


Cl», FeCls Chlorobenzene 
(Section 17.2b) Bro, FeBrs Bromobenzene 
NO;* HNO3, H2504 Nitrobenzene 


(Section 17.3c) 


HSO;* 503, H2SO, Benzenesulfonic acid 
(Section 17.2d) 


R* RCI, AICl3 
(Section 17.2e) 


Alkylbenzenes 


RCO* RCOCI, AICI; 
(Section 17.2e) 


—————— oo 


17.2b CHLORINE AND BROMINE REACT WITH BENZENE 
IN THE PRESENCE OF A LEWIS Аср 
Benzene does not react with electrophiles in the same way that alkenes do because the 


Tesonance energy of the aromatic system has to be overcome in order to form the car- 
bocation intermediate. Therefore, chlorine and bromine do not react with benzene 


Acylbenzenes 


H H 
; А oH, H s ЕЕЕ н Br 
+ Br* 
H H 
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unless a catalyst is supplied. The iron (III) halides are good Lewis acids, so they react 
with Хо to form X* and [FeX4]- (X = Cl or Br). Benzene then reacts with the elec- 
wophilic halogen ion by the two-step process shown in Section 17.22. 


rbr: + FeBr, === :ВӨг* + Br—FeBry 


= + Br-—FeBr; ——> + HBr 


© н H © н H 
H H H 


XERCISE 17.7 


Propose a reasonable mechanism for the reaction of benzene with chlorine and the 
Lewis acid aluminum chloride, AlCls, to form chlorobenzene. 


17.2с Nitric Аср 15 Џѕер TO ATTACH A NITRO GROUP 
TO THE BENZENE RING 


When benzene reacts with nitric acid, the electrophile is the nitronium ion, МО», not 
Н”, as you might first think. The reaction to generate NOs’ is commonly promoted by 
sulfuric acid according to the following equation: 


HNO; + H,SO, == NO;* + HSO,~ + H,O 


The nitronium ion is a reactive electrophile, and its resonance forms show that the ni- 
trogen atom is the electrophilic center. Benzene reacts with NO»s* to form nitrobenzene. 


H H H 
H HH ‚ H Woe H NO, 
+ Моў ——> + HSO; ——> + H50, 
H H © y H © н H 
H H 


H 


Stable salts such as nitronium tetrafluoroborate NOs* ВЕ аге commercially available 
55: 


and сап be used instead for the nitration proce 
Recall that the nitro group can be converted to the amino group by reduction (sec- 


tion 11.9c). 
Н», Pd/C 
————» 
( Soo, or SnCL, HCI (Sons 
or Zn, HOAc 


Aminobenzenes, which are named as derivatives of aniline, are versatile intermediates 
for the synthesis of functionalized arenes via diazonium salts. (These transformations 
Will be discussed in Section 17.4c.) 


17.2d BENZENE CAN ВЕ CONVERTED TO BENZENESULFONIC ACID 


The electrophile HSOs* is generated either from the reaction of sulfuric acid with it- 
Self at high temperatures or by dissolving sulfur trioxide in sulfuric acid, a mixture 
called *oleum". Benzene reacts with HSOs* to form benzenesulfonic acid. 


+ FeBr, 


571 


572 


» 


Friedel-Crafts alkyation 


R 
RX 1. RCOCI, AlCl 
oO ———————À 
AlCl; СУ С) 2. HO* 


CHAPTER 17 The Chemistry of Benzene and Its Derivatives 
2H,S0, == HSOf + HSO, + H,O 
SO, + H,50, == HSO; + HSO,” 


H H H 
H CH ^ : H m рое 
+ Hsof —— + HSO ——> + H50, 
H H © 4 H © н 
H H H 


EXERCISE 17.8 


Sulfonation is reversible, so when benzenesulfonic acid is heated with aqueous sulfuric 
acid, the sulfonic acid group is replaced by a proton. Propose a reasonable mechanism 
for this transformation. 


SO,H 
O H,SO,, H0, А © 
950, њо, A 


17.2e FRiEDEL-CRArFTS REACTIONS ARE USED TO ATTACH CARBON- 
CONTAINING SUBSTITUENTS TO THE BENZENE RING 


Carbocations are potent electrophiles, so it makes sense that a carbocation might be 
useful for attaching an alkyl group to the benzene ring. In the presence of a Lewis 
acid—most often aluminum chloride—alkyl and acyl chlorides react with benzene to 
form alkyl- and acylbenzene derivatives, respectively. These reactions are called 
Friedel-Crafts alkylation and Friedel-Crafts acylation in honor of the two chemists— 
Charles Friedel and James Mason Crafts—who discovered and studied them. 


т 


[9] о 
ш c An acyl group 


С 
X Y 
o 


Д Ап acyl chloride 


в/с “сү (acid chloride) 


An alkylbenzene An acylbenzene 


Friedel-Crafts acylation 


The utility of the Friedel-Crafts alkylation reaction is limited because of a number 
of undesirable side reactions. When RX is a primary alkyl chloride, rearrangement is 
common (see Section 6.2e), so it is not possible to prepare alkyl benzene derivatives 
having a CH» group adjacent to the ring by this route. Even 2° and 3° alkyl chlorides 
will undergo rearrangement when treated with aluminum chloride, so alkylation is 
limited to small and highly symmetric alkyl substituents such as isopropyl and tertbutyl 


groups. 
CH3CH,CH,8r 
———— —À 
© А!Вг; F 


Major Minor 
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TEXERCISE 17.9 


Propose a mechanism to account for the products of the reaction directly above. (Hint: 
Review Section 6.2e.) 


A second problem of the Friedel-Crafts alkylation procedure is polyalkylation. As 
you will see, an alkyl group makes the ring more reactive than benzene itself (Section 
17.3b), so after an alkyl group is attached, the product becomes more reactive than the 
starting compound, which leads to further alkylation. 


CH, CH; CH; 
CH; 
сна 
3 таку? + + + Trimethylbenzenes + Tetramethylbenzenes 
CH; 


A third problem is that alkylation is reversible, and an alkyl group can migrate from 
one molecule to another, producing a mixture of products. Sometimes, this process 
can be used to advantage, for example, to transfer a tert-butyl group from one arene to 
another. 


C;Hs Сн; СН; 


C2H5 
OH OH 
А|С\з, 25°C, 3h 
+ — ——— T (8096) 
Solvent 


[ EXERCISE 17.10 


An alkene forms a carbocation when it is treated with strong acid (Section 9.1b). Pro- 
pose a reasonable mechanism for the following variant of Friedel-Crafts alkylation: 


+ H50, 
5-10°C 


The Friedel-Crafts acylation reaction is a more useful synthetic method for at- 
taching a carbon-containing group to the benzene ring. In the first step, chloride ion 
is abstracted from the acid chloride by complexation with aluminum chloride. This 
step generates an acyl cation, which is resonance stabilized. Such species are relatively 
stable and are not prone to rearrangement. 


(65-68%) 


о 
| =. tos + 
н + АІС == [к С=0: <> R с=б: | АСЫ" 


Benzene reacts with this electrophile in typical fashion: 


H 


TEN н 9 
НАН CN н quc m H l 
+ 0 —> Me aac ——— R на + АО, 
H H R O H H © H H 
H H 
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A slight complication is that the ketone product is a Lewis base, and aluminum chlo. 
ride is a Lewis acid, so they react with each other. A separate hydrolysis step is therefore 


Furthermore, a substituent “directs” an incoming electrophile to react at specific 
ositions, so regiochemistry becomes important. The following structure summarizes 


Acylation of benzene has two advantages versus alkylation. The first has been men. 
tioned already: Rearrangement of the incoming group does not occur. The second js 


i i i ans polysubstitution is not a pro E PNE . TUM " т 
та ап "s group deactivates the ring, which me poys problem In electrophilic substitution reactions of benzene derivatives, a substituent directs the 
with acylation. 


incoming group either to the ortho and ara positions, or to the meta position. Reac- 

‚ Ап acyl group сап be converted to an alkyl group by several methods, four of tion at foun atom does not га. д Ву surveying the reactions of 

which are depicted in Figure 17.8. hundreds of benzene derivatives, you could sort the substituents into five categories, 

o which are summarized in Table 17.2 and discussed in the following sections. 

CH,—R A. Hy, Pd/C Section 18.3 Substituents influence the transition state of electrophilic substitution reaction by 

Figure 17.8 R 2 B. Zn(Hg), HCI Section 183e d three principal means: steric effects (Section 3.1с), inductive effects (Section 5.2d), and res- 

Four methods used to reduce cc O C- NHNH,, OH, A E. onance effects (Section 5.2c), These effects lead to the positional and reactivity prefer- 
acylbenzene derivatives to Ru DM nN ETE ences summarized in Table 17.2, 

alkylbenzenes. Steric effects are most important for substituents that generate ortho/para substitu- 


А : id stabl to attach an ВСН, tion products. If a substituent is bulky, then more of the para-substituted product will 
кы з NUN therefore provides a suitable way : be formed relative to amounts of the ortho-isomer. Note that there are generally no 
group А 


electronic preferences for para versus ortho substitution. 
o о 
Od, m О == Dee 
R^ ^d R 


required to react with the aluminum chloride and liberate the ketone product. | the designation of each position relative to the carbon atom that bears a substituent, X. 
= 4 X ipso Carbon atom 
— AICI E 
07 М < ? 20: : H iy 
| \ | H,0* 1 rp e eur 

= => uminu S 

rn * АФ Ar SR Ar^ ^R иа E 1 i cnm Positions 

H Su 
Eo | 
рага Position H meta Positions 


Table 17.2 Reactivity profiles of ‘o>. toward electrophilic aromatic substitution. 


EXERCISE 17.11. Reactivity effect of X Position of Electronic factors 


See 
By making use of a Friedel-Crafts acylation reaction, show how you would prepare each versus X= H? substitution influencing reactivity 

: : cid chloride, and any reazen s а ТЭШ M ten ifieencing reactivity 
of the following compounds from benzene, an aci у reag E ob e кк тй а 


Е аеа Inductive only 
vents needed: 


a b. Y 
о 17.3с CE " - Activating ortho/para Resonance 7 inductive 
: vv 
СУ GO (Y= H, alkyl, aryl, -COR) 
17.3d —X Deactivating ortho/para Inductive > resonance 
(X= Cl, Br, D 
17.3 ELECTROPHILIC SUBSTITUTION REACTIONS 
OF BENZENE DERIVATIVES | P / 
17.3e —NO,, m ; Е" CEN Deactivating meta Resonance = inductive 
17.3a SUBSTITUTED BENZENE Derivatives REACT 7 ү 


TO FORM ISOMERIC РвОрист$ 


The electrophilic substitution reactions of benzene are straightforward because the six . К 
positions are equivalent. If you know what electrophile is present to react with зеп 17.3e —NR; Deactivating 
it is a simple matter to predict what product will be formed. When a substituent is à 

tached to the benzene ring, however, the course of a substitution reaction depends on 
several factors. Some groups are activating, which means that such compounds E 
faster than benzene; and some groups are deactivating, which means that those сол! “А substituted beunzene.d 


(Y = Н, OH, OR, alkyl, aryl) 


meta Inductive only 
(К = Н, alkyl, aryl) 


erivative with an activating group will react faster than benzene. A derivative with a deactivating 


pounds react more slowly than benzene. : Sroup will react more slowly, 
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Inductive effects are related primarily to differences in the electronegativity values 
for the carbon atom in the ring and the atom or group attached to it. Most het. 
€roatoms are more electronegative than carbon, so they withdraw electron densi 
from benzene, making the ring more electopositive, and therefore less nucleophilic. 4 
less nucleophilic ring will react more slowly than benzene toward electrophiles. 

Resonance effects can stabilize the п system itself, or they can influence stabilization 
(or destabilization) of the cation intermediate. The following sections will illustrate 
how inductive and resonance effects relate to the reactivity patterns summarized in 
Table 17.2. 


17.36 THE ALKYL GROUP is AN ORTHO/PARA DIRECTOR 

AND ACTIVATOR 
Table 17.2 indicates that an alkyl group activates the benzene ring toward reaction with 
electrophiles. A simple example that illustrates this effect is the reaction of toluene with 
bromine. Little of the meta-substituted product is formed. 


CH; CH; CH; CH; 
Br 
Br, FeBr3 
ссі, + * 
Br 
Br 


Ratio: 60:40: «1 


To understand the observed substitution pattern, look at the possible intermedi- 
ates formed by the reaction of toluene with an electrophilic reagent. When this reac- 
tion occurs, the electrophile can become attached ata position ortho, meta, or para to 
the methyl group. We use an arrow that originates in the middle of the ring to indicate 
that at MO reacts with the electrophile, not an isolated double bond of a Kekulé form. 


CH; CH; В CH; CH; 
H H H H H 
E b E* H 
Ра Ka 
(Br*, NO;*, etc.) H 
H H á H H H Е н H 
H H H HE 


ortho-Disubstituted meta-Disubstituted para-Disubstituted 
intermediate intermediate intermediate 


With these three structures before us, we now ask the question, What are the relative 
stabilities of the carbocation intermediates? For the ortho-disubstituted structure, three 
good resonance forms can be drawn. The more good resonance structures possible, 
the more stable the intermediate will be and the more likely it is that products will form 
via that intermediate. 


C сњ Р 
Е 
H H H H ч H 
<— <—ә 
H H H H H H 
H H H 


ortho 
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However, three good resonance structures can be written for the other two possible in- 
termediates too. 


meta 
CH; CH; CH; 
H H H H H H 
н” got H 
H E H E H E 
H H H 
para 
CH; CH; CH; 
H H H H H H 
<— <—— 
H H H H H H 
HE H E H E 


It makes sense that resonance effects have little influence on the reactions of 
toluene because the methyl group has no x bond or unshared electron pair with which 
to stabilize the positive charge of the intermediate through delocalization. If resonance 

" T ELI саан apr 
effects are not important, then (nductive effects must govern the electrophilic substi- 


tution reactions of toluene апа other alkylbenzene compounds. Recall that alkyl 
groups are considered to be “electron donating” (Section 6.2b), so just as alkyl groups 
stabilize carbocation centers in aliphatic compounds, they can stabilize the positive 
charge of the intermediate in electrophilic aromatic substitution when the charge appears 
on the ipso carbon atom. This situation occurs only when the incoming electrophile re- 
acts at the ortho and para positions. 

Figure 17.9 shows the reaction coordinate diagram for the first step in the reaction 
of toluene with an electrophile. The Hammond postulate (Section 6.2c) predicts that 
the pathway leading to formation of the ortho and para isomers will have a lower en- 
ergy of activation than the one leading to the meta-disubstituted product as a result of 
stabilization by the electron-donating methyl group. The lower energy of activation 
means that the ortho- and para-disubstituted products are formed faster, which is con- 
sistent with the experimental results, 


Energy 


Reaction coordinate 


FER——— 
Figure 17.9 

reaction coordinate diagram for the first step of an electrophilic substitution reaction of 
toluene, 
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HNO, H2504, 0°C 


17.3c SUBSTITUENTS THAT HAVE AN ELECTRON PAIR ADJACENT 
TO THE RING ARE ORTHO/PARA DIRECTORS 


Phenol, anisole, and acetanilide react faster than benzene and undergo substitution pri- 
marily at the ortho and para positions. The feature that is common to these substances is 
the presence of an unshared electron pair on the heteroatom attached directly to the ring. 

Looking at the possible intermediates formed in the first step of the reaction be- 
tween anisole and an electrophile, we see that resonance stabilization by the methoxy 
group is possible only when an ortho- or para-substituted intermediate is formed. Shown 
here are the resonance forms for the carbocation generated by reaction of the elec. 
trophile in the position ortho to the methoxy group. 


CH4—O: CH,—0:* CH,—ÓO: CH5—Ó: 
E E E E 
H H H H 
H H H H 
— —3 => 
H H H H H H H H 
H H H H 


EXERCISE 17.13 


Draw the corresponding resonance forms for the para-substituted intermediate. 


Delocalization of the positive charge onto the methoxy oxygen atom is not possi- 
ble if the incoming group attaches meta to the substituent, and only three good reso- 
nance forms can be drawn. As in the case of toluene, the free energy of activation for 
the pathways leading to ortho- and para-disubstituted products will be lower than that 
leading to the meta-disubstituted product. 


CH,—ÓO: CH,;—O: CH,—ÓO: 
H H H H H H 
< — 
H H H 
н Е H E Н E 
H H H 
How do we rationalize the observation that anisole reacts faster than benzene? To 
explain this characteristic, we have to consider how the starting compound is influ- 
enced by electronic effects. 
Consider the inductive effects first. Oxygen is more electronegative than carbon, 50 
a methoxy group should attract electrons from the aromatic п system, making the ring 
less nucleophilic than benzene itself. Therefore, if inductive effects were important in 
the electrophilic reactions of anisole, it would react more slowly than benzene. 
s 
CH0: 


Inductive effect 
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Now consider the effects of resonance prior to the reaction between anisole and an 
electrophile. We can draw five structures in which each atom has an octet. In three of 
the structures, a carbon atom within the rin е of -1, and the oxy- 
gen atom has a formal charge of al 


CH;0:* 


CHO: CH,O:* CH,0:* снзб: 
H H H БЭЙ | H H Haz H H 
<— {> С) ——3 e> 
H H H H H H H H H 
H H H H H 


The effects of resonance are therefore consistent with the notion thz system in 
anisole is more nucleophilic (i.e., has greater electron density, as denoted by the ô- 
symbols below) than the one in benzene, which means that anisole should react faster 
than benzene. The experimental findings lead us to conclude that the resonance ef- 
fects outweigh the inductive effects in their influence on the reactivity of anisole and 
related compounds. 


LM Би 
CH30: CH30: 


Resonance effects >> Inductive effects 


Substituted benzene derivatives that have an unshared electron pair adjacent to 
the ring can sometimes be so highly activated that monosubstitution is difficuitto con- 
trol. Aniline, which has the ortho/para directing amino group, is one such compound. 
Aniline reacts with bromine, even without a Lewis acid catalyst, to form 2,4,6-tribromo- 
aniline as the major product. 

To carry out the monobromination of aniline, the amine is first converted to ac- 
etanilide by the reaction with acetic anhydride (this reaction will be described in Sec- 
tion 21.3b). The acetamido group is an ortho/para-directing group because the 
nitrogen atom still has an unshared pair of electrons. However, the acetyl group is elec- 
tron withdrawing, so it moderates the electron-donating influence of the nitrogen 
atom. After bromination, which produces p-bromoacetanilide and o-bromoacetanilide 
(the ortho isomer is not shown in the following equation), the acetyl group is removed 
by hydrolysis (Section 21.5a). 


The acetamido group is an o, p 
director because the nitrogen atom 
retains an unshared electron pair. 


о о 
ўн, HN^ “ен; HN^ “ен, NH, 
» (CH;CO),0 » Br, он- 
кызы+ == =» ————À 
FeBr; н;О, А 
Br Br 


Aniline Acetanilide p-Bromoaniline 

Phenol, like aniline, is also highly reactive in electrophilic substitution reactions; 
bromination, for example, does not require the use of a Lewis acid. The degree of 
Substitution can be controlled in many instances by varying the temperature. Lower 


H 


H 


NH, 


Aniline 


Br 
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temperatures yield monosubstituted products, whereas higher temperatures lead to 
the formation of di- and trisubstituted products. 


Ea ——— ————— — 
EXERCISE 17.14 


Nitration of phenol with excess nitric and sulfuric acid yields an explosive material 
called picric acid, which has three nitro groups attached to the ring. Draw its structure, 


17.3d HALOGEN ATOMS ARE OrTHO/PARA DIRECTORS 
BUT DEACTIVATING 


A halogen atom appears to fit into the category of the ortho/para directors described 
in Section 17.3c because it has an unshared electron pair. As the following equation 
shows, substitution does occur in the ortho and para positions. However, halobenzenes 
react more slowly than benzene. 


Br Br Br Br 
Qs OO С 
Вг,, РеВгз + + 
» Br 
Br 


Ratio: 85: 13:2 


EXERCISE 17.15 


Draw resonance structures for each of the three possible cation intermediates A, B, and 
C in the following scheme: 


Ta 


:e i :Cl: 
H н. H EE н H н 
E + H + 
H H H H H H H 
E 
H H H H E 


A B c 


The slower rate of reaction for chlorobenzene versus benzene must mean that in- 
ductive effects are more significant than resonance effects; otherwise, its reactivity profile 
would be the same as that of anisole. One reason for the different influences of oxygen 
and chlorine relates to their relative sizes: The oxygen atom is smaller than the chlorine 
atom, so its orbitals overlap more effectively with the orbitals of benzene's п system. 

The reactivity of the halobenzenes toward electrophilic substitution can be 
thought of in this way: A withdrawing inductive effect deactivates the ring, but reso 
nance effects offset this deactivation somewhat at the ortho and para positions. This 
idea accounts for the overall slower reactions compared with those of benzene, while 
rationalizing the formation of ortho- and para-disubstituted products. 


è Lu 


Кар 
H С H 
H H 
H 


Resonance effects << Inductive effects 


М 
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47.3e Meta-DisusstituTeD PRODUCTS ARE FORMED WHEN A 
SUBSTITUENT HAS A POSITIVE OR PARTIAL PosiTivE CHARGE 
ADJACENT TO THE RING 

Compounds such as nitrobenzene, aceto; henone, and benzoic acid react with elec- 

trophiles at a much slower Tate than Benzene, aed e ae е product is the meta- 

disubstituted isomer. For example, in nitration of benzoic acid to form menitrobenzoic 
acid, 


ох он 
Sem COOH COOH COOH 


NO, 
HNO;, H,50, 
——— + + 
NO, 
NO, 


Ratio: 80:19:1 


Any compound with a double (CEN, С=О, N-O, S=O) or triple (C=N) bond or a 
positive charge adjacent to the benzene ring isplays this reactivity profile. The common 
feature among these compounds is an electrophilic atom attache irectly to the ring. 


R=H, OH, OR, NR; alkyl, aryl 


These substituents are often called meta directors, which is a misnomer because 
the incoming electrophile reacts at the meta position by default. Because of resonance 
effects, most of these groups deactivate the ortho and para positions, as illustrated 
below for nitrobenzene. Notice the positive charges at positions 2, 4, and 6, relative to 
the ipso carbon atom. 


Ox. ^^ N+ 07 OL + „07 ` j 


N ы М М MNT 
H H H H H H H H 
< c < 
H H H H H H H H 
H H H H 


Resonance structures for nitrobenzene put a positive charge at the ortho and para positions, 


For substituents in this category, resonance and inductive effects operate in the same di- 
tection and both decrease the electron density in the ring. These combined effects 
make the ring with an attached meta director so unreactive that Friedel-Crafts alkyla- 
tion and acylation cannot be done on these substrates. In fact, nitrobenzene is used 
frequently as a solvent for Friedel-Crafts reactions. 


Ом + 207 О. [on 
SN SN 
Н. ê+ H H H 
: 
H $^ СН H H 
H H 
Resonance effects Inductive effect 
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а 
EXERCISE 17.16 

Benzoic acid undergoes bromination with iron (III) bromide as a catalyst to Produce m 

bromobenzoic acid. Draw the structures of the possible intermediate carbocations 

formed in the first step of this transformation, and then rationalize why the meta iso- 

mer is the major one. 


An ammonium ion places a positive charge adjacent to the ring so it is also a meta. 
director. Like the methyl group, the -NHs* group influences electrophilic substitution 
only through inductive effects because there is no p orbital on nitrogen in which to de. 
localize the electrons in the ring. An ammonium ion substituent is often formed when 
aniline derivatives are treated with strong acid. 


H;N HN HN SO,H 
2 ©) н,50, 3 GO H,50, CY 
a — 


To circumvent the acid-base reaction of aniline that forms the ammonium ion, 
aniline can be converted to its acetamido derivative by reaction with acetic anhydride, 
as mentioned in Section 17.3c. The acetamido group is an ortho/ para director because 
the nitrogen atom retains an unshared pair of electrons. But an amide is a weak base 
and will not be protonated under the reaction conditions. Hydrolysis converts the 
amido group back to the amino group. 


(е) о 
| | 
m -— "o T 
NH, HN^ "CH, HN CH; NH, 
С (CH;CO),0 С H,S0, ' i = А 
$ОзН $O3H 
Aniline Acetanilide p-Aminobenzene- 


sulfonic acid 


EXERCISE 17.17 


&,0,0-Trifluorobenzene (CF3CgHs) gives predominantly meta-disubstituted products 
in electrophilic substitution reactions, and the influence is mainly inductive. Rational- 
ize this result. 


17.3f For POLYSUBSTITUTED BENZENE RINGS, THE EFFECTS OF EACH 
SUBSTITUENT Must ВЕ EVALUATED 
If two (or more) groups are attached to a ring, electrophilic substitution will be influ- 
enced by a combination of three factors: 
1, The positions to which the electrophile will be directed by each substituent 
(ortho/para versus meta). 
2. The relative strength of activation or deactivation by each substituent. 
3. Steric effects. 
Table 17.2 is a summary of the general directing and activating properties of vatt 
ous substituents. With regard to activation and deactivation, substituents can be more 


: ; infi o 
precisely classified according to their relative strengths, as shown in Figure 17.10. Te 
statements about deactivating substituents are in order: 


17.3 Electrophilic Substitution Reactions of Benzene Derivatives 
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Figure 17.10 

Relative effects of activation 
on a benzene ring by 
ortho/para directing 
substituents (a) and of 


8: Strongly activating . Moderately activating Weakly activating Weakly deactivating 
—NR, S —alkyl —halogen 
= à 
ortho/para —NHR | =Ñ —aryl 
к V 
Directors —NhH, ' | H 
—OR j о 
—OH / dR 
_ —O 
b. "aen "m 
Moderately deactivating Strongly deactivating 
o —CN 
meta / 
Directors 4 —c —SO 3H 
\ + 
R —NH; = 
* . R-H, alkyl, aryl, OH, OR, NR, —NO; 


* When two meta-directing substituents are attached to a ring, electrophilic sub- 


stitution occurs with difficulty because the ring is too deactivated. 


* Friedel-Crafts alkylation and acylation do not occur if the ring has only a meta- 
directing substituent. (As noted in Section 17.3e, nitrobenzene is often used as 
a solvent for the Friedel-Crafts reactions.) 


Steric effects result from the repulsions between the incoming electrophile and the 
substituent and are important mainly for substituents that are ortho/para directors. 
Generally, larger substituents produce more para- than ortho-disubstituted product. 
Another manifestation of steric hindrance is that an incoming group rarely enters be- 
tween two groups that are meta to each other. 


To illustrate how these influences operate, several examples follow. 


EXAMPLE 17.1 


Draw the structures of the major monosubstitution products expected from the reac- 
tion shown here. (Note the use of nitronium tetrafluoroborate instead of nitric acid to 


provide NOs*.) " 
) 
Xu МОЈ BEL, A 
CN [ зо, (solvent) 
pm 


Start by evaluating the effects of each substituent separately: the СН; group is an о,р 
director and activating; the CN group is a meta director and deactivating. 


- 


p 
CH; CH; CH; 
as PM b. 
X X E X 
E 
X X X 
Боно 
CN CN E CN 


Because each substituent directs the incoming electrophile to the same positions of the 
Пар, we expect the reaction to proceed as follows: 


deactivation by meta directing 
substituents (6). 
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NO, 
CH CH єн 
CX ? Nos BR, a Cr А T EX ? 
CN С» (solvent) CN O;N CN 


EXAMPLE 17.2 


Draw the structures of the major monosubstitution products expected from the fo. 


lowing reaction. 
OCH; 
Гү Br,,FeBr, 
———À5 
H3C 


By evaluating the influence of each substituent separately, we write the following 
equations: z 


E 
OCH; OCH; 
D — 
x x 
x x 
E+ 
O — 0 
HC HC 
E 


Both substituents are ortho/para directors, so the magnitude of activation by each 
must be considered: The group that is more activating will direct the substitution process. A 
methoxy group is more activating than a methyl group (Fig. 17.10), so its influence will 
be greater. The actual experimental result confirms the greater influence of methoxy 
versus methyl: 


ee 


Substitution at the para 
position is not considered 
because that position already 
bears a substituent in each case. 


Br 
OCH; OCH; 
(80%) 
H3C НС 


EXAMPLE 17.3 


What are the major monosubstitution products of the following reaction? 


H,C OCH, oua 
2 4 


17.3 Electrophilic Substitution Reactions of Benzene Derivatives 


By evaluating the influence of each substituent separately, we write the following 


tions: 
equa T cred л, 
Е 


HC X Q HC x НУС. x HC x 
OD ~ O + CX 

E E 
O 


E 


OCH; X OCH; X OCH; x OCH; 
+ 
ы. и СҮ Е ту 
Е Е 


The substituents direct the incoming electrophile to the same positions. Because an in- 
coming group rarely enters between two groups that are meta to each other, we can ig- 
nore the first product in each group. The overall reaction is, 


H3C OCH; HC OCH; H3C OCH; 
У H,SO, A 3 
+> + 
HO,S 


SO,H 


EXAMPLE 17.4 


Draw the structure of the expected monosubstitution product for the following 
reaction. gand + 


OCH; 
1. CH,COCI, AICI; 
" 2:H,0* 


| 


O;N 
—————— 
When only a meta directing substituent is attached to the ring, Friedel-Crafts reactions 


do not occur. However, the activating methoxy group will offset the influence of the de- 
activating nitro group, so we evaluate the possible products. 


OCH; х OCH, х осн; 
э + ТҮ 
Е Е 
x 


OCH, 


E 
=. X 
Et 
тү 
ON X O;N 
+ 
Y Е т 
E 


Two products will be formed because the acetyl group will not enter between the two 
Substituents already present. 


E" И о H N OCH 
OCH сд, 2N OCH; © ; 
zmo — — + 

CH,CO сосн, 


Тһе methoxy group will direct the incoming electrophile, which is the acetyl group. 
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Figure 17.11 

The !H NMR spectra of two, 
1,2,4-trisubstituted benzene 
derivatives in the aromatic 
region. Each compound 
displays the singlet and two 
doublet features expected for 
this substitution pattern (Fig. 
13.12). What differ are their 
chemical shifts. The J value for 
each doublet is 8 Hz. 
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EXERCISE 17.18. 
Draw the structures of the monosubstitution products expected from each of the fol- 
lowing reactions: 


a. о b. 


H3C cl 
Br, FeBrs тү HNO;, H,50, 
— —— 


17.39 THE CHEMICAL SHIFTS OF THE AROMATIC PROTONS IN ЇН NMR 
SPECTRA ARE INFLUENCED BY THE SUBSTITUENTS 


Even though the discussion in the previous sections has focused on how the sub- 
stituents attached to a benzene ring affect the course of electrophilic substitution re- 
actions, any properties of an aromatic compound that can be influenced by electronic 
effects will reflect the nature of the substituents that are present. The chemical shifts of 
proton resonances in the NMR spectra of aromatic compounds are particulatly prone 
to such influences, and the effects can be summarized as follows: 


* The chemical shift of the proton resonance of benzene is 8 7.25. 

* The chemical shift for the resonance of a proton ortho or para to an activating 
group appears upfield from 6 7.25. 

* The chemical shift for the resonance of a proton ortho or para to a deactivating 
group appears downfield from 6 7.25. 

* Protons that are ortho to a given substituent produce resonances that are far- 
ther from 6 7.25 than those that are para to the same substituent, an influence 
called the ortho effect. 


Figure 17.11 illustrates these effects for two benzaldehyde derivatives. The splitting 
patterns appear as illustrated in Figure 13.12; that is, the identities of the substituents 
have no effect on the / values. 


CHO (deactivating) CHO (deactivating) 


He OCH, (activating) Ha ОСН; (activating) 
(deactivating) Br н, нь H 
Hs OCH, (activating) 


H, is ortho to an activating group 

H, is ortho to a deactivating group and para 
to a deactivating group 

Н, is ortho to two deactivating groups 


H, is ortho to a deactivating group 


to an activating group 
Н. is ortho to two activating groups 


H, is ortho to an activating group and para 


He н H, н, НН, 
(1) (0 (1) (0) (1)(1) 


a 


17.4 Other Reactions of Benzene and Its Derivatives 


EXAMPLE 17.5 


A derivative of benzene produces the NMR spectrum shown here. What is the substi- 
tution pattern on the ring, and what are the natures of the substituents? 


dv 68. 


0 (1)(1) (1) 


The total integrated intensity for the signals in the aromatic region equals 4, so the ring 
is disubstituted. From the data shown in Figure 17.5, we deduce that the two sub- 
stituents are meta, because a singlet, two doublets, and a triplet are observed. Because 
all of the signals have chemical shifts downfield from б 7.25, we conclude that the two 
substituents are deactivating. 


[EXERCISE 17.19 
A derivative of benzene produces the NMR spectrum shown here. What is the substi- 
tution pattern on the ring, and what are the natures of the substituents? 


0) (0 0 (0* 


4 


17.4 OTHER REACTIONS OF BENZENE 
AND ITS DERIVATIVES 


17.4a ALKYLBENZENES REACT WITH OXIDIZING AGENTS 


The electrophilic reactions of benzene and its derivatives provide compelling evidence 
that these molecules do not react like alkenes. Therefore, it should come as no sur- 
Prise that the benzene ring is inert toward many of the oxidizing agents that react with 
alkenes (Section 11.3). 

On the other hand, methyl and 1° and 2° alkyl groups attached to the benzene 
Ting can be oxidized to form benzoic acid derivatives. These reactions occur because 
Tadical intermediates can be formed at the benzylic carbon atom by transfer of a hy- 
dogen atom to an oxidizing agent, and the intermediate is stabilized by resonance. 
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H Н _-Benzylic carbon atom 
l a 
Low H b H 
f H [ H 
BDE: 98kcal mol"! ВРЕ: 70 kcal mol” 
H H 


Ly 
[9] 

|, А 
d I^ сың | 

\ Mn! > Mn" 

H oF то oF ^о- 

о o 
Resonance stabilized 


The radical that is formed initially undergoes single-electron transfer and OXygen- 
atom transfer reactions with the reagent, which is generally potassium permanganate 
(KMnO,) or a salt of the dichromate ion (NasCroO; or КСО). 


CH; COOH 
Na;Cr;0; " 
ho, ^ (84%) 
ON ON 


Permanganate ion requires the use of basic conditions, so a separate acidification Step 
is necessary to liberate the carboxylic acid during workup. 


CH, COOH 
1. KMnO,, ОН Е 
СІ эла 2? X ere) 
с СІ 


EXERCISE 17.20 


What will be the major product from each of the following reactions? 


а. сн, b. 


1. KMnO,, OHT, A Na;Cr;O, (xs) 
2.H,0* acetic acid, A 


17.4b ANILINE DERIVATIVES ARE CONVERTED 
TO DiAzZONIUM COMPOUNDS 


Even though electrophilic substitution reactions provide general ways to attach differ- 
ent groups to the ring of benzene and its derivatives, some electrophiles react with the 
substituent itself instead of the ring. In particular, the nitrosonium ion, NO*, reacts 
with aniline and its derivatives to form diazonium compounds, which can be explosive. 
While aryl diazonium compounds can be handled safely enough in solution, they are 
rarely isolated. 

Nitrous acid, HONO, is formed when aqueous sodium nitrite is treated with a min- 
eral acid. Nitrous acid is stable only below ~ 5?C, so it is made in situ (Le., in the reac- 
tion mixture, not beforehand). The HONO itself reacts with the mineral acid to 
generate NO*. The most commonly used acid is НСІ, but H3$SO, and HBF, are also 
employed. 


17.4 Other Reactions of Benzene and Its Derivatives 


но 
O] HCl + мамо, => HONO + масі 


Bj HONO + на = NO* ат + H,0 


When a derivative of aniline is treated with HONO, the nucleophilic amino group re- 
acts with the electrophilic NO*. A series of acid-base reactions occur to produce the dia- 
zonium ion, the counterion of which derives from the mineral acid that is initially used. 


17.4c Ам ARYL DIAZONIUM COMPOUND IS CONVERTED 
TO AN ARENE DERIVATIVE 


Molecular nitrogen is arguably the best possible leaving group that exists, so you might 
expect Ns to dissociate from a diazonium ion to form a phenyl cation. 


* 
CN=SN: А 
СУ —3À С) TOGNEN 


Ifa nucleophile were present, it could react and form benzene derivatives by substitu- 
tion. Substitution does take place, as summarized in Figure 17.12, but evidence suggests 
that radical intermediates are actually involved. 


OH 
H30, А Мм 
(HSO,~ salt) 22 


X=Cl, Вг, CN 


Figure 17.12 
Reactions of aryl diazonium 
compounds. 
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Phenols are made from the reaction of diazonium salts with water. The diazonium 
salt is formed using sodium nitrite and sulfuric acid so that no chloride ion is present 
to react and form chlorobenzene (chloride ion is a good enough nucleophile to com- 
pete with water). 


CH; CH; CH; 


Мамо), Н;5О, H20, А 
<5°C 
Br Br Br 
NH, N;* HSO,” OH 


(80-92%) 


Iodide ion is a potent nucleophile (Section 6.1c), and it reacts with diazonium 
compounds to form iodobenzene derivatives. Direct iodination of arenes is not as facile 
as chlorination and bromination (Section 17.2b), so this method is a good way to pre- 
pare aryl iodides. 


N,* C^ I 


NH; 
Br Br Br 
NaNO;, НСІ KI 
sa ———— (72-83%) 


Chloride, bromide, and cyanide ion can replace the № leaving group, but a сор- 
per(I) salt must be supplied to the reaction mixture. The copper(I) ion likely reduces 
the diazonium salt to form an aryl radical intermediate. This procedure, called the 
Sandmeyer reaction, produces the corresponding arenes in high yields. 


CHO a — CHO РУ CHO 
амо,, Н ucl); 
CX densi, CY em CY 95-79%) 
NH, N;* СТ cl 


CH; CH; CH; 
NaNO,, НСІ Cux(CN); 
» <5°C Q NaCN (64-70%) 
NH, N;* СТ CN 


If HBF; is added to the diazonium reaction mixture, then the ВЕ; salt often pre- 
cipitates from solution. 


1. HCI, NaNO}, < — 5°C _ 5 


Diazonium salts having the BF4^ anion, which are more stable than the chloride or hy- 
drogen sulfate salts, can be dried in air without fear of explosion. When this dried salt 
is heated, decomposition occurs to form the aryl fluoride, №, and BFs. These byprod- 
ucts are gases, so the aryl fluoride often distills from the flask in pure form. 


А 
= + - -— —56%) 
Er e yes PFa Z Na — BF; LH = 


Hypophosphorus acid reduces the carbon-nitrogen bond, replacing the diazonium 
group with a hydrogen atom. 


17.4 Other Reactions of Benzene and Its Derivatives 


NH; N* c- H 


NaNO,, HCI Н;РО, 
5°С 


This transformation is used to exploit the activating nature of an amino group, which 
js subsequently removed from the ring. For example, maminobenzoic acid can be tri- 
prominated. 


COOH COOH 
Е i Br, Br 
г, HCI 
но 
NH; NH; 
Br 


The amino group is then replaced with a proton by forming the diazonium ion and 
treating it with hypophosphorus acid. 


COOH COOH COOH 
B 
з, НСІ 
"C 


Br. Br r, Br Br. Br 
NaNO. HPO, 
—s* ? SSS (70-80%) 
NH; N,* СГ 
Br 


Br Br 


Because the COOH group is a meta director and deactivating, it would not be possible 
to obtain 2,4,6-tribromobenzoic acid by directly brominating benzoic acid. 


Show how you would prepare the following compounds from any monosubstituted 
benzene derivative using electrophilic substitution or a diazonium compound, as 
appropriate: 


a. b. i 
гү C £ oč 
Br Br 


17.4d Diazonium COMPOUNDS UNDERGO COUPLING 
WITH SOME ARENES 


The diazonium ion has two resonance forms, one of which places the positive charge 
Оп the terminal nitrogen atom. 


If an activated aromatic compound is added to the solution of a diazonium salt, 
then electrophilic substitution can occur. Only the most activated substrates—deriva- 
aves of aniline and phenol—can be employed in this reaction, because the diazonium 
100 is а weak electrophile. The reaction follows the typical electrophilic substitution 
Mechanism: 


591 


592 


CHAPTER 17 The Chemistry of Benzene and Its Derivatives 


Ar 
AO N N—N^ uv 
u^ X m 
+ ArN=N*t ——> +c "um * Hg 
HO © bo HO 


This coupling reaction produces molecules that are brightly colored as a result of 
extended conjugation of the л systems across the nitrogen-nitrogen double bond, 
Such compounds find applications as dyes. For example, Alizarin Yellow R is employed 
for dyeing wool, and p(dimethylamino)azobenzene was once utilized as a colorant for 


margarine. 


Qo Dems 


p-(Dimethylamino)azobenzene 


ON C} N=N { >) OH 
COO- Nat 


Alizarin Yellow R 


EXERCISE 17.22 


Show how you would prepare Alizarin Yellow R starting with aniline and salicylic acid 
(o-hydroxybenzoic acid). 


17.4e CERTAIN HALOBENZENES UNDERGO NUCLEOPHILIC SUBSTITUTION 


It is vital to begin this section by emphasizing a point made in Section 6.1d: An aryl 
halide does not undergo nucleophilic substitution reactions by the Syl or Sy2 mechanism. 


c 
Na* “OCH, NR 
“ыд NR. 
CH,OH 


If a nitro group is in the position ortho or para to a halogen atom, however, then the 
carbon atom bearing the halogen atom is electrophilic and susceptible to reactions 
with nucleophiles. The chloride ion is a good leaving group, so it can be replaced. 


OL +9 М a Not only does this resonance form 
N N place a full positive charge on the 
H H H H para carbon atom, but also the 
inductive effect of the chlorine atom 
à leads to even greater withdrawal of 
H electron density from this carbon 


H H H 
c ao atom, making it very electrophilic. 


The reaction between pchloronitrobenzene and methoxide ion typifies this trans 
formation, which can be designated as the SyAr mechanism (substitution, nucle- 
ophilic, aromatic) to differentiate if from the Syl and Sy2 mechanisms. In the first 
step, an intérmediate is formed that has two heteroatoms attached to the same carbon 
atom. This intermediate is resonance stabilized. 


[+0 EN TÖ, + 26:7 “70. 4 0: 
N N N 
H H H H H H H 
uL d > XJ 
H н) © H H H H H H 
ca Cl осн; Cl осн; сї OCH; 


17.4 Other Reactions of Benzene and Its Derivatives 


In the second step, the chloride ion is displaced to regenerate the aromatic system. 


— EC» 
H H H H 
CUL. ta 
2 
H C H H H 
CI OCH; OCH, 


‘EXERCISE 17.23 


Propose a mechanism for the following reaction, showing how the intermediate is sta- 
bilized by resonance: 


NO, NO, 


cl 
Na* “SCH; SCH; 


+ - 
2-propanol, 25°C + Ма” cl 


(100%) 


One way we can be certain that the SyAr mechanism differs from the Syl or Sy2 
mechanisms is that fluoride ion is a good leaving group in the SnAr process, but it is not 
a good leaving group in the Syl and Sy? mechanisms. Aryl fluorides are actually bet- 
ter substrates than the corresponding aryl chlorides for the SyAr reaction because the 
highly electronegative fluorine atom makes its attached carbon atom more susceptible 
to reaction with a nucleophile. The nitro group is still required to be resent, and it 
must be ortho or para to the fluorine atom. 


17.4f BENzYNE Can Be Mane By Ам ELIMINATION REACTION 


While on the topic of nucleophilic substitution reactions of arenes, consider the reac- 
tion shown here, which was originally thought to occur by a nucleophilic substitution 


pathway ($32 or SuAr). 
Br NH, 
K* ўн, 


When the bromo benzene molecule was labeled with !4C at the ipso carbon atom, the 
Product was found to have the labeled atom in two places. 


:NH; 


Br | ‘NH 
K* “NH, N ‘a 
| — | + | + KBr («= с) 
P A P 


.. In fact, elimination occurred under the reaction conditions of strong base, produc- 
img an unsaturated benzene derivative called benzyne. 


Benzyne 
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Addition of ammonia to benzyne accounted for the formation of aniline and explained 
why only 50% of the product has a nitrogen atom attached to the original ipso carbon 
atom. 


H 
А :NH, DNI H 
| }) | | 
H 


% SH SN w^ NH; 
on | -O 
a P Pd z 


Benzyne, the parent member of a class of compounds called arynes, is highly reactive. 
For example, it reacts with 1,3-dienes by a [4 + 2] cycloaddition process (Section 10.4b) to 
produce a fused-ring system. Other methods now exist to make benzyne derivatives, and 
many of them require milder conditions than the one that utilizes potassium amide. 
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CHAPTER SUMMARY 


Section 17.1 Structural aspects of aromatic molecules 

Benzene and other aromatic compounds have a special stability that manifests 

itself with an unexpectedly low enthalpy of hydrogenation. 

* The energy difference between the experimental and theoretical values of 
AEP hydrog for aromatic compounds is called the resonance energy. 


* Aromatic compounds, also called arenes, have a planar ring with an uninter- 
rupted л system that contains 4n + 9 electrons. 


* The stability of an arene is related to the number of filled molecular orbitals, 
which results when the л System has an odd number of pairs of electrons. 


* Áromatic compounds can have multiple rings and/or heteroatoms in the ring. 
Molecules of this latter type are called heterocycles. 


* Benzene compounds are named With the root benz or a common name that has 
been incorporated into the IUPAC system. 


* When a benzene ring has only two substituents, the positional relationships can 
be specified by the prefixes ortho (о-) for 1,2-disubstitution, meta (m-), for 1,3 
disubstitution, and Para (p-), for 1,4-disubstitution. 


* The positional relationships of substituents on benzene can be determined by 
looking at the splitting patterns of the peaks in the aromatic region of the ЇН 
NMR spectrum. The principal pattern results from coupling between protons 
on adjacent carbon atoms, which is called ortho coupling. 


Section 17.2 Electrophilic substitution reactions of benzene 


* Benzene and its derivatives undergo substitution of a hydrogen atom rather 
than addition to their x bonds. 

* The mechanism of electrophilic aromatic substitution involves two steps. In the 
first step, the z system reacts with the electrophile, forming a cationic interme 
diate. In step two, a base removes a proton to restore aromaticity. 

* Typical electrophiles are Br*, СІ, NOs*, HSOs*, R*, and RCO*. Reactions of 
benzene with these electrophiles produce bromobenzene, nitrobenzene, ben 
zenesulfonic acid, alkylbenzenes, and acylbenzenes, respectively. 


Key Terms 


* Rearrangement occurs under the conditions of Friedel-Crafts alkylation reac- 
tions, so a primary alkyl group cannot be appended to the ring by this method. 
Polysubstitution and reversibility are other problematic side reactions. 

* Friedel-Crafts acylation followed by reduction is the method used to append an 
alkyl chain having a CHo group adjacent to the ring. 


Section 17.3  Electrophilic substitution reactions of benzene derivatives 


* A substituted benzene reacts to form products in which the incoming elec- 
trophilic group is attached either ortho and para or meta to the substituent. 

* There are five categories of substituents. Their influences on electrophilic aro- 
matic substitution are summarized in Table 17.2. 

* When two or more substituents are attached to the benzene ring, a competition 
exists between them in their influences on product formation. Factors to be con- 
sidered include the positions to which the electrophile will be directed by each 
substituent (ortho/para versus meta), the relative strength of activation or de- 
activation by each substituent, and steric effects. 


Section 17.4 Other reactions of benzene and its derivatives 


¢ Benzene is inert toward oxidizing agents, but alkylbenzene derivatives that have 
at least one benzylic hydrogen atom are oxidized to the corresponding benzoic 
acid derivatives, 

* Aniline and its derivatives react with nitrous acid to form diazonium ions, ArNo*. 
These species are unstable but react readily with nucleophilic reagents by sub- 
stitution of the Мә group. Reactions of diazonium compounds are summarized 
in Figure 17.12. 

* Diazonium ions can also react as electrophiles with activated arenes to form 
highly colored substances that are commonly used as dyes. 

* A halobenzene compound having a nitro group ortho or рага to the halogen 
atom can undergo nucleophilic substitution, designated as the SyAr mecha- 
nism. Fluoride ion is the best leaving group in these reactions. 

* Under the influence of strong base, a halobenzene compound can undergo 
elimination to form a reactive intermediate called benzyne that formally has a 
triple bond. 
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KEY TERMS 


Section 17.1a Section 17.1f Section 17.3g 
resonance energy ortho ortho effect 
meta 
Section 17.1b para Section 17.4b 
aromaticity diazonium compound 
aromatic compounds Section 17.1g 
Hiickel’s rule ortho coupling Section 17.4c 
4n+2 rule 2 Sandmeyer reaction 
Section 17.2a 
Section 17.1c electrophilic aromatic Section 17.4e 
annulenes substitution SyAr mechanism 
antiaromatic А 
section А Section 17.4f 
Section 17.16 nitronium ion benzyac 
“erocycles Section 17.2e aryne 
Friedel-Crafts alkylation 


Friedel-Crafts acylation 
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REACTION SUMMARY 


Section 17.1a 


Hydrogenation of benzene and its derivatives requires high temperature and pressure 
of hydrogen; the product is a cyclohexane derivative. 


© н, (200 atm), Pt, А O 
Section 17.2b 


Halogenation. Bromine and chlorine can be substituted for hydrogen on the benzene 
ring in the presence of a Lewis acid. 


Xz, FeX; x 
(X= Cl, Br) 
Section 17.2c 


Nitration. À mixture of nitric and sulfuric acids is normally used to introduce the NO; 
group. Nitronium salts can also be used as reagents to avoid strong acid conditions. 


NO; 
HNO;, H;50, 
[pr 
Section 17.2d 


Sulfonation. Concentrated sulfuric acid or “oleum”, a solution of SOs in sulfuric acid, 
is used to replace a hydrogen atom with the sulfonic acid group. 


SO,H 
H2504 50; 
[oorr 
Section 17.2e 


Friedel-Crafts alkylation. An alkyl chloride reacts with aluminum chloride to form a 
carbocation intermediate, which subsequently reacts to replace a hydrogen atom with 
an alkyl group. The alkyl group can undergo rearrangement, especially when a primary 


alkyl halide is used. 
R 
RCI, AICI, 
[UI 


Friedel-Crafts acylation. An acyl chloride reacts with aluminum chloride to form an 
acyl cation intermediate, which subsequently reacts to replace a hydrogen atom with an 
acyl group. Methods to reduce the carbonyl group to a methylene group are summa- 
rized in Figure 17.8. This reduction provides a way to attach a primary alkyl chain to the 
benzene ring without the problem of rearrangement. 


o 
| 


с. CH;—R 
4. RCOCI, AICI; R reduction 
2. H;0+ (Fig. 17.8) 


Reaction Summary 


Section 17.4a 


Oxidation of alkylbenzene derivatives: When the benzylic position bears a hydrogen 
atom, an alkyl group can be converted to the carboxylic acid group. 


H 
i 
E R’  &kMno, OH- COOH 
2. H;0* 
Section 17.4b 


Diazonium compounds are formed by the reaction of anilines with HONO at 0-5°C. 
An aqueous solution of HONO is made from NaNO, and a mineral acid, usually HCI. 


+ 


om HONO, 0-5 °С CT 
Nul dg Е. 
Section 17.4c 


Substitution of the diazonium group by nucleophiles: The Мә group is readily replaced 
using different reagents (Fig. 17.12), many of which are good nucleophiles. 


А 
№, Y 
reagent 
(Fig. 17.12) Cy ToN 
Y=H, OH, F, Cl, Br, I, CN 
Section 17.4d 


Electrophilic aromatic substitution occurs with diazonium ions and activated arenes 
(phenols, ethers, and aniline derivatives). The product is an azo dye. 


x №, == 
O-O-O Wo 


X = NR, OH, OR 


Section 17.4e 


Nucleophilic aromatic substitution of nitrohaloarenes: The nitro group must be ortho 
ог para to the leaving group. Fluoronitrobenzene derivatives are the most reactive. 


x 
X Nuc^ Nuc X мис” Jon 
AE ong Mur. 
NO; NO, ON ON 


X=F Cl, Br, I X =F, Cl, Br, I 


Section 17.4f 


Benzyne formation: A halobenzene reacts with strong base by elimination to form a re- 
active species that formally has a triple bond. 


х 
strong base S 
ey 
(NaNH; or LDA) 


X= Cl, Br 
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ADDITIONAL EXERCISES 
17.24. Give a systematic name for each of the following compounds: 


а, CHO b. Br c. OH d. cl е QN 
: OCH; NO; P „СНз i 
F ON НС cl 
NO, Br 


17.25. Draw the structural formula for each of the following compounds: 
a. pBromoaniline 
b. 2,3-Dibromo-5-nitrophenol 
c. 3-[(R)-1-Hydroxyethyl] benzoic acid 
d. 3-Chloro-2-methylbenzaldehyde 
е 


m-Nitroaniline 


17.26. Which of the following compounds are aromatic according to Hückel's rule? 


a. The cyclobutadienyl dianion b. Thecyclooctatetraenyl dianion 
€  Thecycloheptatrienyl anion d. є. = 
CD CO 
N 
Azulene Quinoline 


17.27. Which compound in each pair will be more reactive toward electrophilic 
bromination? If the reactivity of the two compounds is the same, indicate neither. 


a. Bromobenzene or toluene b. #Xylene ог oxylene 
c. Nitrobenzene or chlorobenzene d. Anisole or toluene 


17.28. Which of the following groups are o,p-directing substituents? ГА 
(m) „40 " a : 
a. —CHO b. —Br с. —OH d. - 


[o о о 
- | | H | 
e —C—OCH, Ё —0—C—CH, g, —N—C—CH, h. 


17.29. Which isomer of xylene forms only a single monosubstituted product when 
treated with a mixture of nitric and sulfuric acids? Write equations showing the re- 
actions. 


17.30. What is the expected mononitro product obtained by treating each of the fol- 
lowing compounds with a mixture of nitric and sulfuric acids? There may be more 
than one major product for some parts of this exercise. 


a. 


©. 
2 CH; 


b. 
NO OH 
cy” ‘ol * CHO 
CH; 


Additional Exercises 


17.31. What is the expected monobromo product obtained by treating each of the 
following compounds with a mixture of bromine and ігоп(Ш) bromide? There 
may be more than one major product for some parts of this exercise. 


с. 
соон ci 


a b. 
CH; 


17.32. What is the expected mono(sulfonic acid) product obtained by treating each 
of the following compounds with hot sulfuric acid? There may be more than one 
major product for some parts of this exercise. 


нс 


a. b. © 
cl Br сосн, 


Br 
CH; 

17.38. Which of the following compounds can be prepared as a major product via 
electrophilic substitution of a disubstituted benzene derivative? Show the reaction 
as an equation having the reagents with the arrow. If the compound cannot be 
made in a single step, explain what the problem is, and then propose a method to 
prepare it otherwise. 


Br 


a. cl b. Br с. 
cl OH 
O;N сн; 
O;N Br о 


17.34. Repeat Exercise 17.33 for the following substances: 


a. 3 COOH c. cl 


сн b. 
à i» i NO, 
NO, CH,O H3C cl 


17.35. The NO group in nitrosobenzene (below) is an о,р director, in contrast with 


the NOs group in nitrobenzene. 
ee 


Nitrosobenzene 


Draw resonance structures for the cationic intermediates formed by the possible 
reactions of nitrosobenzene with E*, and explain why PhNO and PhNOg react 
differently. 
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17.36. Styrene reacts with aqueous sulfuric acid according to the following equation 
Propose a reasonable mechanism for this transformation, which involves protona. 
tion of the alkene double bond in the first step. 


HC 
Мы no, C 
us 


17.37. The Gatterman-Koch aldehyde synthesis is used to make benzaldehyde deriva- 
tives, and it involves treating an aromatic hydrocarbon with carbon monoxide and 
hydrogen chloride in the presence of aluminum chloride. This procedure is the 
equivalent of a Friedel-Crafts reaction with formyl chloride, HCOCI, which itself is 
unstable. Propose a reasonable mechanism for the following reaction: 


ме CO, HCI, AlCl inel 
SONNE AM. 
CHO 


17.88. Activated benzene derivatives with a methoxy group attached to the ring will 
react with Miodosuccinimide, NIS, to yield iodinated compounds. Propose a mech- 
anism for the following reaction: (Hint: Consider how the N-I bond is polarized.) 


fe) I о 
H;CO H;CO. 
CH;CN, A 
TU + N—I == + N—H 
CH; CH, 
о О 


17.39. How would you prepare each of the following compounds from benzene or 
toluene and any other reagents? More than one step may be necessary. 


a. b. e d. 
COCH; CH,CH,CH; $ОзН соон 
кол CF x 
Br 
NO; 
CH; 


17.40. Compound X, an aromatic compound with the formula C;H;Br, can be ni- 
trated with a mixture of nitric and sulfuric acids, producing two isomeric nitro 
compounds, Y and Z. These compounds are reduced with Zn in acetic acid, giving 
two aniline derivatives P and R. Reaction of the aniline compounds with excess 
bromine gives compounds Q and T, both with the formula C;H;BrgN. What is 
compound X? 


17.4]. Another way to make benzyne is to generate the diazonium salt of anthranilic 
acid. Propose a mechanism for this process that also produces carbon dioxide and 
nitrogen. 


NH; 
HONO 
COOH 


Anthranilic acid 


2 Additional Exercises 


17.42. Draw the structure(s) of the major product(s) expected from each of the fol- 
lowing reactions. Indicate the stereochemistry of the product as appropriate. Rela- 
tive stereochemistry should be shown using wedges and dashed lines. If a racemic 
mixture will be formed, draw the structure of one enantiomer and write the word 
“racemic”, or draw both enantiomeric structures, If diastereomers are formed, draw 
each structure; label meso compounds as such. If no reaction occurs, write N. R. 


al 
b. 
4: 1. A, AlCl; ihn H;SO, SO, A 
2. KCrO, H0, A ^ а 
cl 
с. COOH d. NO, 
1. HONO, 0-5°C 1. Hy, Pd/C 
——— —À3 tt 
2. (CuCI),, KCl, A 2. H,50, NaNO, 0-5°C 
H3C CH; 3. H0, A 
NH; 
e. p E ONS 
ED СЬ, FeCl, Q HNOs, H,SO, 
Е oS 
CH; 
1 h CH; 
g сос! 
1. NaOH, H,0, А 1. АКС, Q 
sea 
F NO; 2. SnCl,, HCI 2.H0* 


4. НРО; 


17.43. Tertiary amines generally react reversibly at nitrogen with NO". 


$: 
T. 
м 


/ 
—N: + NOt 
X 


N,NDialkylanilines, however, undergo substitution with this electrophile at the 
ortho and para positions of the benzene ring. Propose a reasonable mechanism for 
this transformation. 


N(CH3); " N(CH3); 
б рз 
ON 


NO, 1. NaOCH;, СНОН 
(5 1. Br, FeBr; 2. SnCl,, НСІ 
= CO eT ы? 
2. 950, 50, А 3. HCI, NaNO;, 0-5*C 
a cl 
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17.44. Draw the structure of compound A, which has the followin 


g IR, !5c NMR, ang 


1H NMR spectra. From the high-resolution CI mass spectrum, MW = 166.068 


IR spectrum 
100 
oe ККА 
io у ү SEHR 
804 | A / | 
[| | /| | 
60 + W | ||| 
lli 
M I 
| | | Ul 
æ- | ! 
0 T Т | T T T T- T 1 3 
4000 3400 3000 2600 2200 2000 1800 1600 1400 1200 1000 
Wavenumbers, стт! 
DEPT spectrum 
ТЭС NMR spectrum 8 189.35 
B CH 
à 156.66 0H 
| 8 153.63 он 
TM $ 125.03 0H 
oa | | | 812330 CH 
T T | | | T T T T т 8113.37 e 
200 160 120 80 40 o 511056 АСЫ 
8 56.17 CH, 
8 5578 Ch, 
ІН NMR spectrum 
(3) (3) 
4—8 Hz 
(1) (1) (1) 
(1) Jud 
uo T xp c T =т= T i 
11 10" 9 8 7 6 5 4 3 2 1 0 


Additional Exercises 


1745. Draw the structure of the molecule with the formula CgHgBrN that produces 


the following 300-MHz ЇН NMR spectrum; all of the / values аге ~ 8 Hz. 


a o moo 


(2) 


26 г а 


Ege | ГТ т тт — Ттт ттт отт 


74 72 70 68 66 5.5 5.0 4.5 40 35 30 25 20 1.5 1.0 05 
8, 


17.46. Draw the structure of compound В, which gives a low-resolution mass spec- 
trum having M* = 191. The relative intensity values for the Mt, (M+2)*’, and 
(M+4)* peaks are 8 : 4 : 1 [ Hint: Consider what atoms are required in order for a 
molecule to have a sizable (М + 4)* peak.] The ЇН NMR spectrum of B is shown 
below; there are no peaks except those in the aromatic region. 


1H NMR spectrum 


(1) 
(1) 


(1) 


8.0 7.5 7.0 
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NUCLEOPHILIC ADDITION REACTIONS 
oF ALDEHYDES AND KETONES 


48.1 GENERAL ASPECTS OF NUCLEOPHILIC ADDITION REACTIONS 
18.2 NUCLEOPHILIC ADDITION REACTIONS 


18.3 REDUCTION REACTIONS OF ALDEHYDES AND KETONES 


18.4 OXIDATION REACTIONS OF ALDEHYDES AND KETONES 
CHAPTER SUMMARY 


The carbonyl group comprises the carbon-oxygen double bond, arguably the most im- 
portant substructure found in organic molecules, The variety of transformations asso- 
ciated with functional groups that have a C=O bond accounts for the presence of the 
carbonyl group in a variety of molecules that are involved in biochemical processes, 
The reactions of the carbonyl group in aldehydes and ketones occur as they do because 
the carbenyl substituents are either carbon or hydrogen atoms. (In contrast, the car- 
bonyl group of carboxylic acids and their derivatives is bonded to at least one het- 
eroatom, which can function as a leaving group, as you will learn in Chapter 21.) 


o 
Ї i Ї IL 
хуча ммм Б аркы ar di P 
EC жү а з 
An aldehyde A ketone A carboxylic acid A carboxylic acid ester 
o 
E | i IL i | 
e oN, eget А Me TNI NS Me ea a 
E 0070 1 mS 47 T 
An acid chloride An amide A thioester 


A carboxylic acid anhydride 


In this chapter, we examine addition reactions that take place with the C=O dou- 
ble bond of aldehydes and ketones. These transformations include the addition of 
cyanide ion, water, the hydrogen halides, organometallic compounds, hydride ion, and 
Some oxidizing agents. The products of these reactions usually have an OH group 
bonded to what was the original carbonyl carbon atom. 
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18.1 GENERAL ASPECTS OF NUCLEOPHILIC 
ADDITION REACTIONS 


18.1a THE CARBONYL GROUP IS THE STRUCTURAL CENTER 
OF ALDEHYDES AND KETONES 


? i 
о о 2 | 2 
{ i jo bes зеб 
p ow а» C CY H H 
H H CH;CH;CH,^ 1H a; 4 6 
5 
Formaldehyde Butanal 


Cyclopentanecarbaldeh de Benzaldeh 
(IUPAC: methanal) С i nza сена 


in, so its carbon atom is C1. 
aliphatic groups cannot have the carbonyl group at C] 
because such compounds would be classified as aldehydes.) 


О О 

x 1 I A Tc l 

3' У i 
“ен, 3 T¢H,CH, 

a 6’ 2 4 6 e: 

9 5' 
Acetophenone Propiophenone Benzophenone 

(IUPAC: 1-phenylethanone) 


(IUPAC: 1-phenyl1-propanone) 


An older system for naming ketones s 


the carbonyl group (smaller substitue 
not use these names, but 


pecifies the two substituents that are attached to 


nt first), followed by the work ketone. This text will 
you may encounter them in other places. 


о о 
| | 


С С 
а 
O CH;CH;CH; нс “сн,сн, 


Propyl phenyl ketone Methyl ethyl ketone 
The primacy of the carbon 


makes spectroscopic identification of these molecules straightforward. The 13C NMR 


rption peak in the downfield region 
group displays a signal farther downfield 
onyl-containing molecules (Fig. 13.23 and Table 13.4). The sig- 


(8 160—250); in fact, the ketone carbonyl 


let us briefly 
nyl group in 
up. The only 


18.1 General Aspects of Nucleophililc Addition Reactions 


nals in the NMR spectra of aldehydes are also unique: In the 13C NMR spectrum, the 
aldehyde carbonyl group is the only type that is coupled to a proton, which can be ob- 
served in the off-resonance and DEPT Spectra (Section 13.54). In the ЇН NMR spec- 
trum, the aldehyde proton appears ~ $ 10, which is farther downfield than any other 
signal for a proton attached to a carbon atom (Fig. 13.3). 

Infrared spectroscopy is another technique well suited to identify the presence of 
the aldehyde and ketone functional groups. Both compound classes display intense 
bands in their IR spectra ~ 1700 cm-7! that are assigned to their carbonyl stretching vi- 
brations (Section 14.3f). Aldehydes also have absorption bands ~ 2720 ст”! that are 
generated by the C-H stretching vibration of the CHO group. 

The preparative methods for aldehydes and ketones most commonly employ start- 
ing materials with the alcohol, alkene, or alkyne functional groups. Aromatic ketones 


can be made by the Friedel-Crafts acylation reaction. The methods that have been pre- 
sented so far are summarized in Table 18.1. 


Table 18.1 A summary of pre; 


parative methods for aldehydes (A) 
and ketones (K). 


Procedure 


Section 
Electrophilic addition of water to alkynes (K) 9.2b 
Hydroboration/oxidative hydrolysis of alkynes (A) 9.4c 
Ozonolysis of alkenes (A, K) 11.3b 
Lemeiux-Johnson cleavage of alkenes (A, K) 11.3d 
Oxidation of alcohols: 1° (A) and 2° (K) 11.4 
Friedel-Crafts acylation of aromatic compounds (K) 17.2e 


18.1b THe CARBONYL GROUP IS THE REACTIVITY CENTER OF ALDEHYDES 
AND KETONES BECAUSE ITs CARBON ATOM ls ELECTROPHILIC 

The polarity of the carbonyl group makes aldehydes and ketones versatile precursors for 

the construction of other organic molecules. The Grignard reaction, for example, is used 


YS p oO x б:- 
Fj E f OM / =" 


The electrophilic carbon atom is susceptible 
to reactions with nucleophiles, 


When present in solution with an aldehyde or ketone, a nucleophile reacts with the 


electrophilic carbon atom of the carbonyl group. Electrons in the л bond move to the 
Oxygen atom to generate a nucleophilic site. 


б: i: 
Ci e | 
n^ ope {Мис ——— RR 

Nuc 


у См. 


Aqueous acid workup leads to protonation of the oxygen atom, but electrophiles other 
than Ht can be used to react with the oxygen ato 
Сао EL i e 


m if desired. 
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uen :ÓH 
H;0* 

RGR’ RFR’ + H,O 
Nuc Nuc 


For example, organochlorosilanes, which have an oxyphilic silicon atom, react readily 
to form silylated derivatives. 


$. Е :5-51(СНз)з 
(CH;);Si— Cl = 

he cn RGR! + cl 
Nuc Nuc 


А 


18.1с [Nucieormuc ADDITION PROCESSES ARE OFTEN FACILITATED 
|BY PROTONATION OF THE CARBONYL OXYGEN Атом 


If the nucleophile used for addition to a carbonyl group is the conjugate base of a mod- 
erately strong acid, a second general mechanism is available for the reactions of alde- 


hydes and ketones. In this pathway, the conjugate acid of the nucleophile serves to 


protonate the carbonyl oxygen atom. This acid-base reaction activates the carbonyl 
group by making its carbon atom more electrophilic. 


Carbonyl group activation 
+0H aoe :ÓH 


] ix | l 
i R RA FR! 


Because a protonated carbonyl group is more electrophilic than its neutral form, it is 
more susceptible toward reaction with a nucleophile that is present. 


он он 
Фф . = 
eae m 3 RGR’ 


— Мис 


18.2. NUCLEOPHILIC ADDITION REACTIONS 


18.2a| HYDROGEN CYANIDE ADDS TO A CARBONYL GROUP UNDER BASIC 
CONDITIONS то PRODUCE A CYANOHYDRIN 

Direct addition of a nucleophile to a carbonyl group is exemplified by the reaction be- 

tween an aldehyde and HCN, which proceeds readily under basic conditions, yielding 

a cyanohydrin, 


[e] HO CN 
! v 
“н HCN “н 
ОНУ (catalyst) 
Benzaldehyde Benzaldehyde cyanohydrin 


(2-hydroxy-2-phenylethanenitrile) 


à 


18.2 Nudleophililc Addition Reactions 609 


Hydrogen cyanide is a polar molecule and a weak acid. The equilibrium for the 
acid-base reaction between HCN and a carbonyl group lies predominantly to the left, 
and further reaction does not take place. 


PAL are езш, 
=) Waal kenes 


With base present, however, HCN forms the cyanide ion, a good nucleophile that tho} ce 
reacts at the electrophilic carbon atom of the carbonyl group to generate a cyano | 
h imalereal 


Y^ ны 38 0н + CNT 


This acid-base equilibrium lies far to the left. 


(alkoxy) intermediate. 


HCN + OH™ — CNT + H;O 


S kong 
c£ О +—=:СМ: == Үс à 
/ © / ^€N 


This species deprotonates HCN, forming the cyanohydrin and regenerating cyanide 
ion, which functions as a catalyst for the reaction. 


„= 

© О” f^ \_-O-H cose iss 

Е ем: = g -.см: yanide ion is 

ic + HCN: © on + CN: regenerated. 
A cyanohydrin 


Notice that all of the steps in this overall mechanism are equilibria, so the reaction is 
reversible. For ketones, which are more sterically hindered than aldehydes, these equi- 


libria lie toward the side of the starting material, even when cyanide ion is resent; so onl 

ketones with small groups form appreciable amounts of the cyanohydrin product. 

"EXERCISE 18.1 HCN Маси ОН 

; ET 

Acetone, CH3COCHs, reacts with hydrogen cyanide in the presence of sodium cyanide Ciis; — C —( Нут СНУ -S 
à i 


to form the cyanohydrin product. Propose a mechanism for this transformation show- 

ing electron movement with curved arrows. e AY 

eee ч Ц ^a 

оте, = ecce 
o ү | 


e. 
co” + How ОЧ 
Lo) 


18.2b WATER AND THE HYDROGEN HALIDES ADD 
TO THE CARBONYL GROUP To FORM GEMINAL DIOLS 
AND HALOHYDRINS, RESPECTIVELY 
Hydrogen cyanide is not the only molecule that adds to carbonyl groups under basic 
Conditions. Water undergoes addition to form an unstable geminal diol (gem-diol; see 
Sectio; ueous solution at high pH contains the hydroxide ion, which is - 
both a base anda nucleophile, Its reaction with a C=O double bond generates an 
alkoxide ion intermediate. m 


The alkoxide ion, itself a strong base, removes a proton from water, the solvent, form- 


ing the geminal diol, also called a hydrate. This step regenerates hydroxide ion, which 
Ctions às a catalyst. 
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A gem-diol 


| Hydration (the addition of water) ofa carbonyl group can also be conducted under 
| acidic conditions. If mineral acid is present, the carbonyl group is protonated at its оху- 
gen atom, which increases the electrophilicity of the carbon atom (Section 18.1с). 


H qa af [0 | 
eL 620 uh 


U di i Water, a weakly basic nucleophile (Table 6.3), subsequently reacts with the electrophilic 


carbon atom to`form the protonated geminal diol. This intermediate is deprotonated 
in turn by the solvent to form the gem-diol. 


3 D 
Yd uo —= ӧн + њо 
NR © / 


Carbonyl hydration, which is catalyzed either by acid or by base, is reversible, and 
the equilibrium normally lies to the side with the ketone or aldehyde. 


OH 


\ NV 
С=О + H; = 
/ s / "OH 


ES 


This equilibrium generally 
lies to the left. 


“ah m ФМ 2) ‚ Some hydrates are reasonably stable, however, and this condition is more likely to be 
2 ; CX OR observed for aldehydes than for ketones, which means that the size of the carbonyl sub- 
d- NC 
о MA 


stituents is one factor that affects the equilibrium. Formaldehyde, the smallest alde- 
hyde, exists in aqueous solution solely as its hydrate, formalin, a substance that is 
commonly used to preserve biological samples. 


с + HO —— TAS, "0n 
AU 2 
H H u^ ^u 
Formaldehyde Formalin 


If one of the R groups attached to the carbonyl group is electron withdrawing, the 
gem-diol form will also be stabilized. Trichloroacetaldehyde, for example, exists pm 
marily as the compound chloral hydrate. Hexafluoroacetone also forms a stable gem 
diol when exposed to water. 


Ivi Gt REA 
Ao = аде, 


Cc FC 
Е OH № „Он 
/ "OH / “он 
H F,C 


Chloral hydrate (knock-out drops) 
(2,2,2-trichloro-1,1-dihydroxyethane) 


Hexafluoroacetone hydrate 
(1,1,1,3,3,3-hexafluoro-2,2-dihydroxypropane) 


ililc Additi i О c en 
18.2 Nucl hililc Addition Reactions Cy 
ucleophililc iti У 2, М SOH 
л Pan & 

RGISE 18.2 | Z А ч | ty 
Cyclopropanone forms a stable hydrate. Why? (Hint: Consider the bond angles in both Un. _ “ы, O47 D. 
starting ketone and product hydrate.) x | хе x {С 4 ; 
———————————————————— " ] A 


The hydrohalic acids (HF, НСІ, HBr, or HI) add to the carbonyl group of ketones 
and aldehydes in the same manner as water under acidic conditions: This reaction has | " 
little practical significance because it is reversible, and like hydration, addition of HX hi X. Cam aolo : lodi 


|| 
; 


is an equilibri ies i irecti 1 compound. н 
s an equilibrium process that lies in the direction of the carbonyl compo ne es £L s 
: о "s "ns fevera lle evo 
| ү iT does H- qo. 
Ay + нх е Ж AES; g> 


(X= Е Cl, Br, 1) A geminal halohydrin 


ERCISE 18.3 


; Por UR 
The double bond of a haloalkene undergoes Markovnikov addition of water in the "n. pic e А Ф К 
presence of acid by the mechanism you learned in Section 9.1c. Using curved BECOME. r AT EY HO 4 e M Had 
to depict the movement of electrons, propose a reasonable mechanism for the follow- - ——©» Si Â- 
ing reaction. gemm ma КЧ Dew \ Гїл? wi тесу ly lose AR NT 


Br „О SA 
Cr H,0, Н,50, CT == 
ae 


18.2¢ ORGANOMETALLIC COMPOUNDS ADD To ALDEHYDES AND 
KETONES TO PRODUCE ALCOHOLS 


You have already learned that Grignard reagents and organolithium compounds add 
to the carbonyl groups of aldehydes and ketones (Section 15.2b), transformations that 
can be used to prepare a diverse variety of alcohols. The RMgX adds to formaldehyde 
to form a primary alcohol; it adds to any other aldehyde to afford a secondary alcohol; 
and it adds to a ketone to produce a tertiary alcohol (all after hydrolysis). 


O 
eo 
+ 


RMgX + CH,O — > RCH,OH 1° Alcohol 


D 


RMgX + R'CHO — > R—C—OH 2° Alcohol 


R 
| 
| 

H 


ge R' 
x 


R’ 

OF | 

йк pC — к=н 3° Alcohol 
el 


В” 


To review briefly, the nucleophilic portion of the organometallic reagent, R, reacts 
at the electrophilic carbon atom of the carbonyl group after association of the oxygen 
atom with the Mg ion. This process is an example of carbonyl activation (Section 18.1c) 
bya Lewis acid rather than by H*. 
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Because these reactions are carried out in aprotic solvents such as ether or THE а 
second step—hydrolysis—is required to form the alcohol product. A mildly acidic we 
lution of ammonium chloride is often employed in the hydrolysis step of ketone Teac. 
tions to prevent elimination of water from occurring with the tertiary alcohol Product. 


R 
2 
\ amm Ví MgBr \ UR но N R 
C=Ö =0; E ~ 
з © Pare @ / NOT *мов 2 Fsg 
9; 958г мна, OH 


EXERCISE 18.4 


What is the major product expected from each of the following reactions? 
NA OW 


c e Бе" A 
x ANKIT hb PN X 
o j ^ = 
scr ue 1. PhLi OH 1. CHCH,MgBr 
H zuo* ^ О Xu ^ 


18.3 REDUCTION REACTIONS OF ALDEHYDES 
AND KETONES 


18.3a BORON AND ALUMINUM HYDRIDES PROVIDE A SOURCE 
OF HYDRIDE ION, WHICH ADDS TO THE CARBONYL 
GROUP TO GENERATE AN ALCOHOL 


Just as the nucleophilic R group of a Grignard reagent adds to a carbon—oxygen dou- 
ble bond, the nucleophilic hydride ion can add to an aldehyde or ketone carbonyl 


group, producing an alcohol, after hydrolysis. Е 
МУ Ce А „Нн, N UH 
——» 


C—-0 ——o cT. С. c HO 
LAF © О @ / "6H Tr 


This transformation is the reverse of the oxidation process that converts an alcohol to 
a carbonyl compound, a reaction that was discussed in Section 11.4. 

The two reagents most commonly used for carbonyl group reduction are sodium 
borohydride, NaBH,, and lithium aluminum hydride, LiAlH,, both of which-convert 
ketones and aldehydes to the alcohols in high yields. Aldehydes are reduced to form 
primary alcohols, and ketones to form secondary alcohols. 


R 
\ NaBH,, Н.О, EtOH 
pre meet RCH,OH 1° Alcohol 
H 1. LIAIH,, ether 
2.H,0* 
R RC он 
NaBH,, H;O, EtOH 
c=0 Taua сї 2° Alcohol 
М 1. LiAIH,, ether " H 
2.H0* 


Sodium borohydride is the less reactive of the two reagents, and its reactions аге 


frequently carried out using aqueous ethanol as the solvent. Besides the reaction be- 
tween ВН; and the carbonyl group (Step 1, following), the borohydride ion reacts 
slowly with the protons in water to generate Н» as a byproduct; the basicity of the sol 
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yent gradually increases as hydroxide ion is formed. Hydrolysis (Step 2, below) occurs 
pecause water is already present in the reaction medium. 


p R = 
R von \_-O—BH; Nat 
C=O \ —— м. 
/ \н @ / ^H 
H MA H 
\ HT B-4 
— \ 
H- 
R R 
O—BH, “YW OH 
N з  H—OH у + BH, + OH- 
/~H © / 
H H 


Hydrolysis occurs in the reaction medium. 


Reactions of aldehydes and ketones with LiAIH4, on the other hand, are carried 
out in THF or ether as solvents. LIAIH4 is an extremely powerful reducing agent, and 


reacts explosively with water and alcohols. It must be kept away from a proton source until r 
the reaction with the aldehyde or ketone is complete. A separate hydrolysis step is in- 
cluded to remove the aluminum-containing group from the oxygen atom of the alco- 

hol. Any aluminum hydride byproducts undergo hydrolysis during this workup step. 


Na iid N oA Lit 
/A = Л @ ? Е, ^u 
Н \ н-д uit 
MON 
H 


R P R 
\ 0—AlH; нон een 


/ "^H Q / “н 
H H 


+ AIH; + ОН 


Hydrolysis occurs in a separate step. 


AIH; + ЗНО ———9 АКОН): + 3H; 


In the mechanisms illustrated above, only one hydride ion of the reagent is shown 
to react. And while reduction reactions can be conducted in this fashion—with | TRR 
equimolar amounts of carbonyl compound and reagent—such conditions are wasteful. œ ~ L U 


All four hydride ions have nucleophilic properties, so up to 4 equiv of the ketone or + 07900 e. hu 
aldehyde can be reduced using only 1 equiv of LiAIH,. 


> a: 
/ 
ò O--AI Lit OH Ly i Hy 
T . 1 equiv LiAIH, H 
4 equiv rhe 0 
4 


if H 
е 
£ Lithium aluminum hydride reduces many other functional groups, too. For exam- 
Ple, LiAIH4 reduces carboxylic acids and esters to alcohols, but sodium borohydride 


= S 
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does not react with these functional groups. (This aspect of reagent chemoselectivity 
will be discussed further in Chapter 21.) ; 


j EXERCISE 18.5 


What is the expected product from each of the following transformations? 


a rays, g b. 
o CHO 
— д2 1. LIAIH,, ether NaBH,, H,O, EtOH 
Ss — 
2.H0* 
Br 


18.3b KETONES CAN ВЕ REDUCED ENANTIOSELECTIVELY 


When an aldehyde is reduced to form a primary alcohol, the carbon atom that bears 
the OH group has two hydrogen atoms, so it is achiral. 


о он 
l NaBH, H,0, EtOH l 
———À 
в NH R7 үн 
H 
achiral 


When an unsymmetrical ketone is reduced, however, a new stereogenic center is 
formed in the product molecule, so a racemic mixture is obtained. 


(е) он он 


C М NaBH,, H:O, EtOH ww К т —— 9 


(50%) (50%) 


Much effort has been spent to develop ways to perform enantioselective reduction re- 
actions of ketones. Such transformations complement the methods used to prepare 
chiral 2° alcohols from alkenes, for example, via enantioselective hydroboration fol- 
lowed by oxidative hydrolysis (Section 16.4c). The reagents that will be discussed in this 
section are summarized in Table 18.2. The stereochemistry of the alcohol product is 
readily predictable with these reagents, but in planning synthetic schemes, we will as- 
sume that the desired stereochemistry of the product can be obtained with one 
stereoisomer or the other of the reagent or catalyst. 


Table 18.2 Reagents used for the enantioselective 


reduction reactions of ketones 
——— aaaaaaIħįăț 


Reaction type Reagent combination? 


Hydride addition 
Hydrogenation 


oxazaborolidine*-BH3 
RuX2(phosphine*)(diamine*) 
(CH3)3COK, 2-propanol, H2 


“Моге: The asterisks in the reagent structures indicate where the chirality centers 
are located. 


In 1981, Itsuno and co-workers first reported that chiral amino alcohols in combi- 
nation with borane, ВНз, could reduce a ketone with high enantioselectivity and in ёх" 
———_— = чип е OBEN 


р 
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cellent chemical yield. In 1987, E. J. Corey's group at Harvard University reported that 
the actual reagent is a chiral oxazaborolidine complex of borane. These researchers 
subsequently developed oxazaborolidine complexes as both stoichiometric and cat- 
glytic reagents for reducing ketones enantioselectively. 

Extensive work in this area has led to the development of several related reagents. 
for example, the amino acid proline can be converted to the oxazaborolidine A, shown 
below, which is subsequently used to prepare the complex A-BHs. This complex is the 
actual reducing agent (D-proline can be used to prepare the enantiomer of A). 


L-Proline 


The (5,5) reagent is shown; the (А,В) 
can be prepared from p-proline. 


A ketone can be reduced enantioselectively with A:BHs as. a reagent or with an 
amount of A as a catalyst in the presence of excess BHs: THF. Under stoichiometric con- 
ditions, only two of the three hydride ions attached to boron are reactive. Notice that 
for alkyl aryl ketones in which the Cahn-Ingold-Prelog priority of the aryl group » alkyl 


group, the (S, S)-reagent yields the (R)-alcohol, and vice versa. 


о н он [e] HO H 
1 (5,5-A—BH; Му l (Аан, bI ce 
Ar CR == Ar 5r Ar CORO Ar^ SR 


(R) Р : (5) 
The enantioselective reduction of acetophenone is illustrated below as a specific 
example. 


о н он 
| 4; 


Cc (5,5)-A—BH 
p wu 


(R)-1-phenylethanol 


(100% yield) 
(98% ee) 


Acetophenone 


The high enantioselectivity associated with this reagent can be rationalized by-con- 
sidering structures of the diastereomeric transition states that are involved during the 
reaction (Figure 18.1). To attain selectivity, both the ketone and the reducing agent 
(Ше BHs unit) must interact within a rigid complex oriented so that c only one face of 
the carbonyl group reacts. One boron atom of the reagent acts as a Lewis acid to bind 
to the basic oxygen atom of the carbonyl group, and the other boron atom provides the 
hydride ion that reduces the C=O double bond. | 

„ When the oxazaborolidine-borane complex is used as a catalyst, the same di- 
astereomeric transition states exist. Under catalytic conditions, additional borane-THF 
Provides the hydride ions that reduce the carbonyl group. When two of the hydride 
lons on the borane attached to the nitrogen atom have reacted with the ketone, as they 
do under stoichiometric conditions, then the excess borane in solution displaces the 
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Unfavorable steric interaction | pxazaborolidine reagents described in the text. The (R,R) reagent yields the (5) alco- 
Free ДЕНЕА Fol tenth ant oup has a higher Carga але proriy than deal group. [The 
ketone EC ( 5,5) reagent produces the (R) alcohol in such cases.] In this reaction, the alkyl group 
| pasa higher priority than the phenyl group of the starting ketone, so the stereochem- 
This boron atom has only six д try of the product_will be opposite that normally obtained. The product is (В)-1- 
electrons, so it functions as a R' ER yl-2-chloroethanol 
Lewis acid to coordinate with we r pheny if ` 
the oxygen atom of the R710 
carbonyl group, a Lewis base. i 


: 
H Q 
— Cold 
H 


Minor product 1 — 


А в 
CHg| N^O 
A Еу 
не N 
н 
Chs R’ 


EXERCISE 18.6 


What is the product expected from the reduction of each of the following ketones do 
using (5,5)-А:ВНз? PS А 


ME 


mL — к'о R | ` 
Figure 18.1 i : H 
The transition states formed VB c aie OH ү XO, 
CH о f (a. ) Te | 
during the reaction of (5,$)- ? PM H - CAS | © H 
H^ N » d 


A: BH; with an unsymmetrical 
ketone. If the (R,R) reagent H 
were used, these structures 
would be mirror images of the 
ones shown here. 


Major product 


The alcohol is produced esq 
in 84% ee. 


The alcohol is produced 
in 86% ee. 


one attached to the nitrogen atom, and this step regenerates the chiral reactant. The 


reaction continues until the ketone is gone. . 
A second practical method for enantioselective reduction of ketones makes use of x) 
XK 


à: н Ph e chiral hydrogenation catalysts. Ryoji Noyori, who developed the chemistry of ruthe- ) 
Gf nium BINAP catalysts for alkene reduction (Section 16.4b), discovered that modifica- — —— 
9 пшн Ма” tion of the catalyst structure and reaction conditions makes it possible to hydrogenate 
CO,CH, BH, T carbonyl groups. | | 0. M 
EH, THE OC 30min ^ The catalysts for ketone reduction have a chiral diamine and two halide ions 
CH;O > но" сно bonded to the ruthenium ion in addition to а chiral diphosphine. Many such catalysts 
i а OCH; OCH; have been studied, for example, the one shown below. 
7, i It is important to recognize one factor that can limit the use of catalysts of this type: 
d E The ketone must not react with uncomplexed borane. If a reaction does occur with bo- 


XN (  rane-THF itself, then racemic products will be formed, which will lower the ee of the 

; transformation. Fortunately, the oxazaborolidine reagent activates the carbonyl group to- 
ward nucleophilic addition by prior coordination of its boron atom to the carbonyl oxygen atom. 
Therefore, the ketone is more reactive when it is in proximity to the complexed BHs 
than when it is in solution with BHs&THF. 


CH; 


Are киі ouy к) 


Сн; —5 P? Iim thuk va Gt 
HA pro pamal 


EXAMPLE 18.1 


(S)-XyIBINAP (S)-DAIPEN 


What is the product expected from reduction of the ketone shown here using (,R)- 


A-BHs? 
бы UT | VJ vi In the presence of a strong base like potassium tertbutoxide and with 2-propanol as 
[е] 2 the solvent, alkyl aryl ketones are reduced to form secondary alcohols in high chemical 
c is yield and with high ee values. When the aryl group has a higher Cahn-Ingold-Prelog 
шы ED is formed EY than the alkyl group, the (S,S) catalyst yields the (R) alcohol, and the (R,R) cat- 
yst yields the (S)-alcohol. 
———— 
. : . о RuCI,{(5)-xylBINAP][(S)-DAIPEN] H н 
Unsymmetrical ketones in which the carbonyl group is attached to a large group (ust Ar^ “СН; (СОК: 2 propanol Ig „Ха, 


ally an aryl ring) and a smaller alkyl group can be reduced enantioselectively using the „ 
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This catalyst tolerates a variety of groups in the ketone structure. For example, the 
following alcohols have been made from the corresponding ketones: 


OH OH CF, OH OH 


(^ we» 


99.5% ee 100% ee 99% ee 99% ee 


The following equation illustrates the preparation of an intermediate in the Synthesis 
of the antidepressant Prozac (which is actually sold as a racemic mixture). Note that the 
amino group in the alkyl chain does not interfere with the enantioselectivity of the re- 
duction process. 


О он 


RuCl,[{S)-xylBINAP][(S)-DAIPEN] i (96% yield) 
ee elle: (CH),COK, 2-propancl, Hy ph N(CH), (97.5% ее) 


A precursor to Prozac 


Unfortunately, ketones with two alkyl groups are not reduced with high selectivity 
by either the ruthenium or oxazaborolidine catalysts described above. This problem is 
one that still awaits discovery of a practical solution. 


‘EXERCISE 18.7 


What is the product expected from the following reaction? It is formed in 95% ee. 


RuCl, [(R)-xylBINAP][(R)-DAIPEN] 
Pi ^ (CH3,COK, 2-propanol, Н; 
AN) 


18.3с NADH AND NADPH Provibe A SOURCE or HYDRIDE 
JONS IN BIOCHEMICAL SYSTEMS 


Let us now turn our attention to the reduction processes that occur in biochemical sys- 
tems. In Chapter 11, you learned about biochemical oxidation processes that are used to 
convert alcohols to carbonyl compounds (Section 11.4e). Those transformations utilize 


но OH HHO 
á NH, 
o | ] 
М 
f | P E 2o di b N 
м 0-b-9-b- 
NH; HO OH 


Nicotinamide adenine dinucleotide 
(reduced form: NADH) 


* 
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Transfer of a hydride ion occurs as the oxygen atom is protonated by an acid side 
chain of an appropriate amino acid, resulting in reduction of the ketone or aldehyde 
to an alcohol. In the illustration shown below, B is a basic site such as the imida- 
zole group in the side chain of the amino acid histidine. Notice the similarity of this 
mechanism to that of laboratory methods using a hydride reagent followed by acid 
workup. 


Enzyme active site 


NADH coenzyme NAD* coenzyme 


This transformation is common in biochemistry. For example, pyruvate is reduced 
by NADH to lactate when insufficient oxygen is present to convert pyruvate to acetyl 
coenzyme A (Acetyl CoA, see Section 21.3c), a situation that is common during stren- 
uous exercise when the level of oxygen in muscle tissues is low. The pain of sore mus- 
cles results partly from lactate accumulation. 


HO H 
is 11 _ — NADH, H* A 
NAD*, — H* CHS 5с 
Pyruvate l 
L-Lactate 


Lactate dehydrogenase, the enzyme that catalyzes this reversible reaction (cf. Section 
16.3d), is well characterized: A representation of the active site structure (Figure 18.2) 
summarizes the important structural features that are required for these transforma- 
tions to occur. These features include binding sites for the coenzyme and substrate, as 
Well as a source of the proton that is used to form the OH group of the alcohol. 


18.34 NADH AND Enzymes CAN ВЕ USED то REDUCE KETONES 
ENANTIOSELECTIVELY IN THE LABORATORY 


А prominent area of research in organic chemistry that is ripe for development is the 
use of enzymes to carry out reactions in the laboratory. The enantioselective reduction 
of ketones (Section 18.3b) is a particularly fruitful field of investigation because such 
Processes are sometimes difficult to carry out using synthetic reagents. Moreover, many 
enzymes that perform reduction reactions are readily available. 

Alcohol dehydrogenases, a specific example of which is the lactate dehydrogenase en- 
zyme mentioned in Section 18.3c, utilize NADH to reduce ketones and NAD* to oxi- 
dize alcohols, This reversibility is a distinct benefit if an enzyme is to be used as a 
Feagent in the laboratory, because the needed coenzyme can be regenerated by per- 
9rming both reactions in the same flask. The following scheme shows the enzyme cat- 
alyzing the reduction of a ketone (in the box) while at the same time oxidizing 
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1 The PADH-1 enzyme appears to be especially well suited for regeneration of the NADH 
ў coenzyme by 2-propanol. Alcohol dehydrogenases from other organisms also selec- 
tively reduce ketones, and some generate the (5) isomer preferentially. 


Protonated histidine side 
chain as a proton donor 


o OH 


ty, -g 5 Р. (98% ее) 


alcohol dehydrogenase 
from T. brokii 


substrate 


18.3e ALDEHYDES AND KETONES CAN ВЕ FULLY REDUCED 
BY AMALGAMATED ZINC IN HYDROCHLORIC ACID 
Hydride ion is not the only species that will add to a carbonyl group to produce an al- H M of Xd 
"dest к cohol. The combination of hydrogen gas and а metal catalyst (Section 11.2a) also re- [s de d 
Arginine side chain asa duces the C-O double bond (Section 18.3b). If the enantioselectivity of reduction is Б 
carboxylate binding site - eae БАШ 
not important, then heterogeneous catalysts suffice. For example, 


If the resulting alcohol group is adjacent to a benzene ring, then hydrogenolysis occurs 
(Section 12.3a), to replace the ketone carbonyl group with two hydrogen atoms. 


NADH binding site 


NADH 
coenzyme 


Figure 18.2 
A representation of the active site structure of lactate dehydrogenase, the enzyme used to reduce 


pyruvate to lactate. Shown are the hydrogen bonds that orient the substrate molecule as well as о н он нн 
the curved arrows that depict the mechanism of the hydride and proton-transfer steps. co ннде eae — б 
т JBuPRIC.. 


Another way in which the carbonyl group can be converted to a methylene group is 
to use zinc and hydrochloric acid, a reaction known as the Clemmensen reduction. This 
reaction works best when the carbonyl group is adjacent to a benzene ring, which is why 
itwas first mentioned in Section 17.2e in the context of Friedel-Crafts acylation reactions. 


рр  Olemmemaonm , 
A 


о о 

о о з | : 

os, NADH ыыы 1. ad^, АІС, У гино) | realy OM. 
Ор. Ээ —— => 
2. H0* | на 
епг enz | | 
When zinc is stirred with aqueous mercury (II) chloride, the surface of the zinc 

он " "e metal is coated with a small amount of mercury to produce an amalgam, Zn(Hg). 

s в. NAD CHS "CH, 


Zn (xs) + HgCl, — > Hg + ZnCl 


2-propanol to acetone. The net result is to replenish NADH so that reduction of the ke- 
tone continues. Excess 2-propanol drives reduction of the ketone to completion. 


Key: enz= alcohol dehydrogenase Zn + Hg —> Zn(Hg) 


alcohol f Amalgamated zinc reacts more slowly with hydrochloric acid than elemental zinc does, 


i uations illustrate specific examples that make use of an a 
The following eq P jes. OF | thereby minimizing the formation of hydrogen gas. 


dehydrogenase enzyme (PADH-1) isolated from a bacterial Pseudomonas spec 


i ical yields and enantioselectivity associated with reduction. 
note are the high chemical yi ty eue чын 


о он 
i % yield) 
Ew eee Ee. oe 9 Zn(Hg) + 2HCl —> Slow formation of Н; and ZnCl, 
The mechanism of the Clemmensen reduction is not known precisely, but it prob- 
B 18 о он is У comprises a series of one-electron addition and proton-transfer steps. The first step 
ДА. РАЙН S (alcahol огнунлівелага) AAS (80% yield) Í electron transfer that produces a benzyl radical. Such a radical is stabilized best when 
NADH; 2255970 HO; BHT (> 98% ее, 7 p benzene or one of its derivatives, which is why the reaction works well for aromatic 
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ketones. The zinc atom supplies the electrons, and it is oxidized to Zn% during the 
course of the reaction. A series of proton- and electron-transfer reactions lead to fop 
mation of the corresponding alcohol, which can be reduced further via a carbocation 
intermediate that is also stabilized by the adjacent aromatic ring. 


бе N :ÜH 


A a + 
OH Н :OH н сон, H 
| њо? ҳи њо* үу | 
x C —— c+ + Hj 


H H H 
- > H:0* 
& 35 es А 
дг ^R Q A Prom ® Ar” NR 


EXERCISE 18.8 


What is the expected product of the Friedel-Crafts acylation of benzene with benzoyl 
chloride followed by Clemmensen reduction of that product? How might you prepare 
the same product from bromobenzene апа benzaldehyde plus other reagents? 


18.4 OXIDATION REACTIONS OF ALDEHYDES 
AND KETONES 


18.4a AN ALDEHYDE Is READILY OXIDIZED TO A CARBOXYLIC ACID 


An aldehyde has an oxidation level that lies between those of the corresponding 
alcohol and carboxylic acid molecules (Section 11.1a). 


RCH;OH RCHO RCOOH 


more oxidized 


SSR 


To oxidize a primary alcohol to an aldehyde without further oxidation to the carboxylic 
acid, an anhydrous reagent combination such as CrOs- idine, DMSO-oxalyl chlo- 


ride, or the Dess-Martin periodinane (Section 11.4) is normally used. Aqueous oxidants 
lead to formation of the carboxylic acid product, and these same conditions are used 


to oxidize aldehydes to carboxylic acids: 


1. KMnO,, OH" (aq) 
2.H0* 


Асно —— € — , RcooH 


RCHO но? 


RCOOH 


When water is present, an aldehyde—whether by itself or from oxidation of a pri- 
mary alcohol—can form a hydrate, as described in Section 18.9b. 


нон н њо Hy ou 
X = Wl. св, (hydration) Mr Aldehyde hydrate 
N -diol 
* »* f к OH екш 


ЕР 


18.4 Oxidation Reactions of Aldehydes and Ketones 


This hydrate can subsequently undergo oxidation because it has the requisite H-C-OH 4° ¢ 

unit needed to form the carbonyl group, C=O. In aqueous solution, therefore, a | 

carboxylic acid is the product formed by oxidizing either a primary alcohol or an 
dehyde. i m 

E 


H О 
298 ы I 
/ “он aqueous R^ S ou 


R solution 


This transformation works better under basic conditions, which are not well suited 
for the chromium oxides reagents. Potassium permanganate is therefore the. reagent of _ 
choice for oxidizing a primary alcohol or aldeh de to the carboxylic acid, even though 
chromium oxides in acid can Boudec (Section 11.4c). 


pu 


CH;F— (СН), —CH,OH 


KMnO, 


———— 


H,0, A (76%) 


COOH 


CrO, H,0 


снусоон ? CH2F—(CH2)s—COOH 


CH,COOH (9396) 


Ketones have no hydrogen atom attached to the carbonyl carbon atom, nor do 
their hydrate derivatives. As is the case for tertiary alcohols, further oxidation of ke- 
tones by metal oxide reag ly occur. In fact, acetone is often used 
asa solvent for oxidatio; inert to many oxidants, 


\ һуа оп ES ӘН No hyd R j 
С=О < No hydrogen м No hydrogen 
=== VEN atom attached KASS atom attached 
R R OH R 
Ketone Ketone hydrate 3° Alcohol 
R R’ 
\ с—о Mno, ШЕ 8 CrO, H,0 
d ЊО, А im / d ©н,соон ^ MR. 
R 


LSU ASKS SUE 
Draw the structure 


of the major product(s) expected from each of the following reactions: 


top (Xon ро" 


=: о 
сно EMBO OH (аа) CHOH со, chic, касо, 
2.н0+ pyridine CH H,0+ 

CH, 


"18.4b KETONES CAN BE CONVERTED TO Esters USING PERACIDS 
Ketones are generally inert toward metal oxide reagents such as CrO; and KMnO,, as 


zu s being unaffected by Swern (Section 11.4b) and Dess-Martin (Section 11.4d) 
onditions. The oxidation level ofa ketone is intermediate between that ofa secondary 
cohol and an ester, however, so oxidation is theoretically feasible. 


WO 
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н H H OH о о © 
ВА м | | ! 
RÁ CR RNR R^ ^R R^ "OR RO^ "ow 
A hydrocarbon A 2? alcohol A ketone An ester A carbonate ester 
ин z 


more oxidized 


Ketones can be converted to esters by the Baeyer-Villiger reaction, which begins 
with addition of a peracid. RCO&H 3Section 11:3e), to the carbonyl group, the mecha. 
nism of which follows the steps outlined in Section 18.1c involving acid-catalyzed car- 
bonyl group activation. 


o 
9 o^" o^" [e] d 
|—. ^«Loc, hk SS |o sy N 
R--C—R R—C—R' + CF,CO, R-—C-—O CF, 
+ © » 


A peroxyacyl compound 


After formation of the peroxyacyl compound, an electron pair on oxygen moves to 
regenerate the C=O double bond. This movement causes one of the R groups with its 
pair of electrons to migrate to an oxygen atom of the peracid group, displacing car- 
boxylate ion as a leaving group. The breaking of the weak O-O bond 1 with formation 


of the much stronger C=O double bond is the primary factor that drives this re- 


arrangement to completion. Note, too, that this migration is nearly identical to the one 


that occurs after an organoborane reacts with hydroperoxide ion (Section 9.4c). 


о 
ae 4 d + ZH 

C) BN i _ 

$59 СР, R—C—6: + CF,CO, 
Г S ы 


The displaced carboxylate ion subsequently deprotonates the cationic intermediate. 


sg" 
lo. - AMET 
R—C—Ó: + CF,CO; === R—C—Ü—R' + CFCOH 
Ni G 
R 


The Baeyer-Villiger reaction is especially useful for converting cyclic ketones to lac- 


tones (cyclic е: 
9 снусо,н 9 
— о (85%) 


Many ketones, cyclic or otherwise, are unsymmetrical, so formation of two prod- 


ucts is possible. The “migratory aptitude” of те ЕЁ groups in the Baeyer-Villiger oxi- 


dation is H > 3° > 2° and aryl > 1° yl. This order means that the “new” oxygen 
atom inserts into the bond between the carbonyl group and the more highly subst- 
tuted carbon atom 6f an i tone. The reaction proceeds with retention 


of configuration if the migrating carbon atom is chiral. 


18.4 Oxidation Reactions of Aldehydes and Ketones 
72 Carbon atom 
[e] CH;CO3H 
A == AUS (88%) 


о 


Ма Carbon atom 
/ retention of configuration 
The migratory aptitude of the different groups means that methyl ketones produce 
acetate esters. The acetate group can be readily hydrolyzed to yield the corresponding 
alcoliol, as you will learn in Chapter 21. This overall transformation. provides a way to 
convert a methyl ketone to an alcohol with two fewer carbon atoms. 


o 


| CF;CO,H 
———À 


| OHT, д 
R—C—CH; R—O—C—CH, ————5 R—OH 
но 


The Baeyer-Villiger reaction of an aldehyde proceeds іп the same manner as it 
does for a ketone. The hydrogen atom migrates preferentially, so a carboxylic acid, 
rather than an ester, is the major product. — аЕ 


9 ~~ 


o 
4H РА 
о 07 t o—c :0: 
ji ee ley ey gery konv 
| es biw Ketome & 
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EXERCISE 18.10 


What is the major product expected from each of the following reactions?  . 


а. b 


a е. OF 
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CHAPTER SUMMARY 

Section 18.1 General aspects of nucleophilic addition reactions 


* Good nucleophiles add to the carbonyl group of an aldehyde or ketone by re- 
action at the electrophilic carbon atom. 

* The carbonyl group of aldehydes and ketones can be activated by protonation 

, at oxygen, which makes the carbon atom more electrophilic and able to react 


with species that are weakly nucleophilic. Activation also occurs with Lewis acids 
besides H*. 


Section 18.2 Nucleophilic addition processes 


* Hydrogen cyanide (HCN) adds to a carbonyl group of aldehydes under condi- 
tions of cyanide ion catalysis. The product of the reaction is a cyanohydrin. 


626 CHAPTER 18 Nucleophilic Addition Reactions of Aldehydes and Ketones 


* Water adds to a carbonyl group under conditions of either acid or base саа. 
sis. The product is a gemdiol, also called a hydrate, which is normally unstable 
toward loss of water to regenerate the carbonyl group. 


* The hydrate of an aldehyde or ketone is stable if the R group is strongly electron 
withdrawing. 

* Addition of HX (X = F, Cl, Br, or I) to a carbonyl group yields an unstable gem. 
halohydrin. This equilibrium lies in the direction of the carbonyl compound, 


* Organometallic compounds such as Grignard reagents add to aldehydes and ke- 
tones to produce an alcohol after workup with aqueous acid. 


Section 18.3 Reduction reactions of aldehydes and ketones 


* Sodium borohydride in aqueous alcohol or LiAIH, in ether or THF will reduce 
an aldehyde or ketone to its corresponding alcohol. The use of LiAIH4 requires 
a separate hydrolysis step. 


* Oxazaborolidines constitute a class of reagents and catalysts that permit the 
facile enantioselective reduction of ketones to secondary alcohols. 

* Chiral ruthenium catalysts can be used to hydrogenate ketones to chiral sec 
ondary alcohols. 


* Both NADH and NADPH are coenzymes that act as hydride ion donors in bio- 
chemical systems to reduce ketones or aldehydes to the corresponding alcohols, 


* Alcohol dehydrogenase enzymes, along with NADH, can be used in the labora” 


tory to perform the enantioselective reduction of ketones. 


* The Clemmensen reduction, which makes use of amalgamated zinc and hy- 
drochloric acid, converts a carbonyl to a methylene group. 


Section 18.4 Oxidation reactions of aldehydes and ketones 


* An aldehyde is oxidized to a carboxylic acid with metal oxides in aqueous solu- 
tion. These reactions occur via the hydrate form of the aldehyde. 


* A ketone can be oxidized to an ester by using a peracid. This transformation, 
called the Baeyer-Villiger reaction, occurs with migration of an R group to an 
oxygen atom of the adduct formed after nucleophilic addition of the peracid to 
the carbonyl group. 


* An unsymmetrical ketone undergoes the Baeyer-Villiger oxidation with migra 
tion of the more highly branched R group. An aryl group migrates in prefer- 
ence to a primary or methyl group. 

* An aldehyde is oxidized to a carboxylic acid under Baeyer-Villiger conditions. 
The hydrogen atom migrates preferentially. 


Ce наны ннн рана наны ны ыны аадыны N йй ы 
KEY TERMS 


Section 18.2a 
cyanohydrin 


Section 18.3b 
oxazaborolidine 


Section 18.4b 
Baeyer-Villager reaction 


Section 18.2b 
geminal diol 
hydrate 


Section 18.3e 
Clemmensen reduction 
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REACTION SUMMARY 


Sections 18.2a 


Addition of HCN: Aldehydes and low molecular weight ketones form cyanohydrins 
when treated with HCN and cyanide ion as a catalyst. 


HCN, СМ " 
[a ? 
R^ “н R 


? н он 


ай “ем 


Section 18.26 


Aldehydes and ketones react with water (hydration) to form a gem-diol. The hydrate is 
normally isolable only when R is a strong electron-withdrawing group (i.e., when it con- 
tains halogen atoms). 


pow NP 
c = x К, R' =H, alkyl, aryl 
R^ ^R R^ "oH 


The reaction between aldehydes or ketones and HX is an equilibrium process that lies 
toward the carbonyl form. 


о R 
| HX + 


ШЕ", % 


— — — 
В NR (Хе Б, Br 1) весу 


OH 
r R, R' = H, alkyl, агу! 


Section 18.2c 


Aldehydes and ketones react with organometallic compounds (RMgX or RLi) to form 
alcohols after aqueous acid workup. 


о x R' OH 
RI ъ 
l 1 Е v R, А’ =H, alkyl, aryl 
RR! 2. но! R^ CR 


Section 18.3a 
Aldehydes and ketones are reduced to alcohols with LiAIH4 or NaBHy. 


' R’ OH 
‚ЦАН р 
RoR’ Ha R^ ^H 


or 
NaBH,, aq EtOH 


Section 18.3b 


The enantioselective reduction of ketones is possible using chiral oxazaborolidines as 
reagents or catalysts in combination with BHs THF. 


[е] н он 
| chiral oxazaborolidine, BH3: THF vi 
———————À ce 
R^ MR RI Ур’ 
К = Ar or large alkyl Chiral 


аши | à SSS eee 
П 
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The enantioselective reduction of ketones can be accomplished by hydrogentatio, 
actions that use chiral ruthenium catalysts. “ae 


о H 
1 RuCl,[(S)-xylBINAP][(S)-DAIPEN] * x" 
д xu (CH3),COK, 2-propanol, Н; A Sie 
Chiral 


Section 18.3d and 18.3e 


Aldehydes and ketones can be reduced using NADH and enzyme catalys 
Н ts. Unsym- 
metrical ketones yield chiral products. di i bp 


o H OH 
[| NADH d 
C \ ` 
Кри ome RoR’ 
Chiral 


Section 18.3e 


The Clemmensen reduction: This reaction, which converts a carbonyl to a methylene 
group, is most facile when R is aryl. 


9 H H 

1 Zn(Hg), НСІ S. н аы 

с uo =H, alkyl, aryl 
дг RY ae y 


Section 18.4a 


Oxidation of aldehydes to carboxylic acids: Chromium(VI) reagents and perman- 
ganate ion in water oxidize the hydrated form of the aldehyde to а carboxylic acid. 


o o 
ll 1. KMnO,, ОН” (aq) Il 
c 2.H,0* ý 
ве Ун s g^ зон 


Section 18.4b 


The Baeyer-Villiger reaction: With peracids, ketones are converted to esters, and alde- 
hydes react to form carboxylic acids. 


[e] 
| CFjCOH | 
ANg — -=—0 ко К^ + CF;CO,H 
о 
l CF,CO,H l į 
"inm 
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ADDITIONAL EXERCISES 


18.11. Draw structures for each of the following ketones and aldehydes: 
a. (2)3-Chloro-2-pentenal 
b. 2-Bromo-5-nitrobenzaldehyde 
c. (R)-&-Phenyl--pentene-2-one 
d. 4,4-Dimethyl-2-cyclopentenecarbaldehyde 


18.12. Predict the appearance of ће ЇН and 1C NMR spectra for compounds (a.) 
and (b.) in Exercise 18.11. 


18.13. Give an acceptable IUPAC name for each of the following aldehydes and 


ketones: 
% озера! b Vihephomo Фот, 


o X реттомот ` МП | o d б) DUMP 
о-н) ÉN хм g,» ттеу 
о 2 j phu 


ғ ҮСҮ" 
о 
18.14. Write an equation for the reaction between 1-phenyl-l-propanone and each of 
the following reagents: 
a. Zn(Hg), HCI 
с. HNOs, Н»504 


e ) 


(£) 4 ohlow 


b. NaBH; in aqueous ethanol 
d. LiAIH, in ether followed by H3O* 


18.15. Show how you would prepare butanal from each of the following compounds: 
Several steps may be required. 


a. 1-Butanol 
c. 1-Butene 


b. 1-Bromobutane 
d. 1-Pentene 


18.16. Show how you would prepare each of the following compounds using an 
organometallic reagent. You may use any hydrocarbons, organohalides, and car- 
bonyl compounds that have six or fewer carbon atoms. You may also use any 
needed reagents and solvents. 


а. b. с. 
он он 


18.17. The pinacol rearrangement the occurs when a vicinal diol is treated with acid. 
From your knowledge about the reactions and properties of carbocations, pro- 
pose a reasonable mechanism for the following reaction, which converts pinacol to 
pinacolone. Give IUPAC names to the compounds shown. 


CH, CH; сњо 
Н,50,, A 
CH,—C—C—CH, ——-—5 CH,—C—C—CH, + H,O 


| 
но он CH, 


Pinacol Pinacolone 
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18.18. Draw the structure (s) of the major product(s) expected from each of the fo. 18.21. The compound HN; adds to a aldehyde in the same way as HCN. Propose a 


lowing reactions. Indicate the stereochemistry of the product as appropriate. Rela, i reasonable mechanism for the following transformation: 
tive stereochemistry should be shown using wedges and dashed lines. If a racemic 
mixture will be formed, draw the structure of one enantiomer and write the word "A OH 
"racemic", or draw both enantiomeric structures. If diastereomers are formed, draw CHO нњ OH" N 
each structure; label meso compounds as such. If no reaction occurs, write N.R. ‘ : 
25 o b. 18.22. Draw the structure of the major product expected from each of the following 
reaction sequences. Indicate stereochemistry where appropriate. If no reaction oc- 
H3C : | q Ty pprop 
1. CH;Li a I 1. Li,CuCN(CH,ch,) curs, write N.R. 
EE o э , , К. 
2. МН. (aq) D 7-05 аш 
1 a. о b. о 
сы АД. 1. NADH, alcoho! dehydrogenase 
с. d. 1. (5,5)-oxazaborolidine*-BH; from T. brokii 
see 
1. CgHsMgBr CHO нем, см- 2. (CHj)SiCl, NEt;, CH;Cl; 2. LDA, THF > 
{R)-3-Methylpentanal > hot. Т” MM: 
* 3 
с. o d. o 
1. Вг», РеВгз А 1. (xs) CH3 MgI 
—————— 
А £ о 2. RuClz[(S)-xylBINAP][(S)-DAIPEN] COOH нот 
| E | (СНУЗСОК, 2-propanol, Н, 
H C. 
NaBH, CH,CH,CH, _ Zn(Hg) [ 
о 0-7 “aq EtOH НСІ (aq) 18.23. Show how you would prepare each of the following compounds starting with 
N СНз any hydrocarbon, organohalide, and/or carbonyl compound that has six or fewer 
ext carbon atoms. You may also use any additional reagents and solvents. 
Д h. Ч 
Р OH a b 
CHO Я К 
H,CrO,, H,O 1. CHjCH;CH;MgBr | OH 
at Ss —— 
2. H0* TET о ee о 
[е] 
x J 18.24. Show how you would prepare each of the following compounds starting with 
y prep: 8 P 8 
Я О CF;CO3H any hydrocarbons having six or fewer carbon atoms. You may also use any addi- 
1. KMnO,, OH" (aq) СО; y by: y y 
CHO — H,0* > tional reagents and solvents. 


a b. 
18.19. What is the expected product from the Baeyer-Villiger reaction of each of the OH 


following ketones? 


a. b. с, 
о CH; 
j 18.25. When B-allyl-9-BBN is treated with benzaldehyde, an addition product is ob- 
CO 3 tained according to the following equation: 
о о 


E о o=) 
18.20. Cyanotrimethylsilane, (CHs)3SiCN, reacts with aldehydes and ketones in the ; i ^ D He / 
presence of a catalytic amount of cyanide ion to form the trimethylsilyl derivauve Cu H HY CB, 
of the cyanohydrin. Propose a reasonable mechanism for the following reaction: 1 oa СУ 2 
o ne NC O—Si(CHj), 1 

noe t (CHj)SSiCN, CN E di The mechanism is not "simple" addition to the carbonyl group however, because 
incorporating 5C in the allyl group leads to the product with the label atom at the 
Predict the stability of the trimethylsilyl cyanohydrin toward (a) HF; (b) ОН”, and З terminal position of ће allyl group. Propose a mechanism that is consistent with 


these results. (Hint: The first step is an acid-base reaction, and the second step is 


$ 3 ; set of con- rrr : 
(с) F~. Compare these reactions with those of a cyanohydrin under each à pericyclic reaction.) 


ditions. 
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18.26. Compound X, CoHgO, a ketone, has the following 'H NMR spectra. When E 18.27. Identify the following two compounds from their IR and ІН and C NMR 
treated with the (S,S)-oxazaborolidine-borane reagent, X is converted to Optically E spectra. Compound 27A has the formula C;H3CIO and 27B has the formula 
active Y. Compound Y is dehydrated by heating with concentrated sulfuric acid tg F CgH120. The J-values for 27B are all 7 Hz. 
form Z. Jacobsen epoxidation of Z with the chiral manganese epoxidation catalyst 
shown in Section 16.4d yields optically active W, and catalytic hydrogenation of W р 7A. 
with 10% Pd/C produces optically inactive V. Draw a structure for each of the com- { БАЛ C20 
pounds V through Z. i NC 18 ресет ( 
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ADDITION-SUBSTITUTION REACTIONS 
ОЕ ALDEHYDES AND KETONES: 
CARBOHYDRATE CHEMISTRY 


19.1 HEMIACETALS AND ACETALS 

19.2 ACETALS AS PROTECTING GROUPS 

19.3 CARBOHYDRATES 

19.4 GLYCOSIDES 

19.5 OXIDATION AND REDUCTION REACTIONS OF CARBOHYDRATES 
CHAPTER SUMMARY 


As described in the previous chapter (Chapter 18), a nucleophile readily adds to the 
carbonyl group of an aldehyde or ketone to form a product with an OH group (Sec- 
tions 18.1b and 18.1c). This OH group can be protonated to create a good leaving 
group, and substitution or elimination reactions can subsequently take place. 


substitution Nuc 
(Chapter 19) мг 


“М. 
\ ЭН Н+ Мис" \ Nuc fW 
=o addition “Noy 
(Chapter 18) \ \ 
elimination ^ C—Nuc or C—Nuc 
(Chapter20) / ГА 


This chapter will describe several transformations that occur when the OH group 
ofa carbonyl-addition product undergoes substitution. An especially common reaction 
of this type takes place when the original nucleophile is an alcohol molecule. The 
overall addition-substitution processes are essential reactions of carbohydrates and 
are used in Nature to make polysaccharides such as cellulose and starch. The addi- 
tion-substitution reactions between alcohols and aldehydes or ketones are also impor- 
tant for synthetic chemistry in their use as protecting groups (Section 15.5b). 

Besides describing addition-substitution reactions, this chapter will present the 
Structural characteristics of carbohydrates, starting with their open-chain forms that 
bear either the aldehyde or ketone functional group. Fischer projections, first men- 
toned in Section 4.4, will be used extensively to depict carbohydrate structures, but 
other representation methods will also be used. Because carbohydrates play a central 
role in biochemistry as structural elements in the nucleic acids and as intermediates in 
many metabolic pathways, a knowledge of aldehyde and ketone addition-substitution 
reactions is required to understand the roles of these important biochemical substances, 
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225, (6) — d ES As described in the previous chapter (Chapter 18), a nucleophile readily adds to the 
m ex} lo d mext Хо tS carbonyl group of an aldehyde or ketone to form a product with an OH group (Sec- 


\ 
C= CHy-tH = CHa М : 
\ | {р- (2) (4) tions 18.1b and 18.1c). This OH group can be protonated to create a good leaving 
group, and substitution or elimination reactions can subsequently take place. 
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(Chapter 20) / 4 
= | This chapter will describe several transformations that occur when the OH group 
(Do T —T ofa carbonyl-addition product undergoes substitution. An especially common reaction 
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З : 7 0 of this type takes place when the original nucleophile is an alcohol molecule. The 
overall addition-substitution processes are essential reactions of carbohydrates and 
are used in Nature to make polysaccharides such as cellulose and starch. The addi- 
tion-substitution reactions between alcohols and aldehydes or ketones are also impor- 

tant for synthetic chemistry in their use as protecting groups (Section 15.5b). 
Besides describing addition-substitution reactions, this chapter will present the 
Structural characteristics of carbohydrates, starting with their open-chain forms that 
bear either the aldehyde or ketone functional group. Fischer projections, first men- 
tioned in Section 4.4, will be used extensively to depict carbohydrate structures, but 
other representation methods will also be used. Because carbohydrates play a central 
role in biochemistry as structural elements in the nucleic acids and as intermediates in 
many metabolic pathways, a knowledge of aldehyde and ketone addition-substitution 
reactions is required to understand the roles of these important biochemical substances. 
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CHAPTER 19 Addition-Substitution Reactions of Aldehydes and Ketones: Carbohydrate Chemistry 


19.1 HEMIACETALS AND ACETALS 


19.1a ALCOHOLS REACT WITH ALDEHYES AND KETONES TO FORM 
HEMIACETALS, WHICH ARE NORMALLY UNSTABLE 
Just as water adds reversibly to a carbonyl group (Section 18.2b), so an alcohol reacts 
with aldehydes and ketones. The mechanism of this acid-catalyzed addition reaction 
has three steps: 
1. Protonation of the carbonyl oxygen atom to form a carbocation intermediate. 


2. Reaction of the nucleophilic oxygen atom of the alcohol molecule with this саг- 
bocation. 


3. Deprotonation to yield the neutral product. 


Ра Е es 
B us pH 9—н 
2 4 
su ed du 
© 


Protonated carbonyl groups are stabilized by resonance. 


H CH; 
At aN | 
O--CH; Her 


ve HSO,- T 
O-H === Ó—H + H50, 
G 


A hemiacetal 
Normally unstable 


The product is a hemiacetal, which has an OH and an OR group on what was the car- 
bonyl carbon atom. 

A hemiacetal (like a gem-diol, Section 18.2b) is normally unstable, which means ће 
equilibria that are shown lie in the direction of the carbonyl and alcohol reactants. The 
mechanism for regenerating the carbonyl group follows the reverse of the steps shown 
directly above. 


EXERCISE 19.1 


Show the mechanistic steps to regenerate benzaldehyde from its methyl hemiacetal 
derivative. ‘ 


OCH; 


19.1 Hemiacetals and Acetals 


Cyclic hemiacetals, which are generated from hydroxy aldehydes or hydroxy ke- 
tones, are exceptions to the rule about instability. The equilibrium for these types of 
molecules lies toward the right if a five- or six-membered ring can be formed. 


R А R ой 
Ht Е 
c=0 + с 
(н ó (H д, Forms most readily when a five- or 
+ € dd six-membered ring can be generated 
CH;—OH CH,—O 


A cyclic hemiacetal 


Because of this reaction, carbohydrates, which have both carbonyl and hydroxy groups, 
exist primarily as cyclic molecules, as described in Sections 19.3-19.5. 


19.1b AN ACETAL IS FORMED BY SUBSTITUTING THE OH Group 

OF A HEMIACETAL WITH AN OR GROUP 
Hemiacetals have two sites that can react with acids. In the following structure, proto- 
nation at A leads to the reverse of hemiacetal formation; protonation at B converts the 
OH group into a good leaving group. 


CH 
3 A and B represent two basic sites in 
:0: A this hemiacetal molecule. Protonation 


2 at A reverses hemiacetal formation. 
OH 
B 


When the OH group is protonated, a pair of electrons on the alkoxy oxygen atom 
displaces the water molecule to generate a resonance-stabilized cationic intermediate. 


OCH; OCH; 
2 H250, ЕА 
ÖH = OH, + HSO,” 
О D т 


kd D 
a "T OCH, ӧсн, 
= з 
© 


A molecule of alcohol intercepts the carbocation, which, after deprotonation, yields an 
acetal, a geminal dialkoxy compound. 


OCH; OCH; 


OCs no n CH3 HSO,” 
SS 95 E OCH; + H,SO, 
® a © l 


Cyclohexanone dimethyl acetal 
(1,1-Dimethoxycyclohexane) 


The overall reaction between a ketone or aldehyde and alcohol is summarized by 
the following equilibria. The reaction is conducted using alcohol as the solvent, which 
Means that it is present in large excess. The transformation is acid catalyzed, and TsOH, 
an abbreviation for #toluenesulfonic acid, CHsCgH4SO3H, is commonly used as the 
Catalyst because it is soluble in organic solvents yet is as strong an acid as sulfuric acid. 
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CHAPTER 19 Addition~Substitution Reactions of Aldehydes and Ketones: Carbohydrate Chemi 
Stry 


By conducting the reaction under conditions that remove water (e. 


; Ene „ by heati 
mixture and distilling water from solution), the acetal forms readily Y heating the 


pem ROH (xs), ТОН \ QR ROH (xs), TSOH "SR А 
/ This equilibri: ч If the water is 'ed, N но 
lies to the left. / OH ins equilibrium lies to EA OR 
the right. 
Aldehyde Hemiacetal Acetal 


or ketone 


EXERCISE 19.2 


Benzaldehyde reacts with eth 1 1 1 i 
ү з у'епе glycol (1,2-dihydroxyethane) in the rese 
TSOH to yield a cyclic acetal. Show the steps for the mechanism of its formations E 


H 
HOCH;CH,OH О. 
(roo See, OX X 
о 


19.1с VINYL ETHERS Form HEMIACETALS VIA HYDRATION 


Ethers are generally unreactive molecules, undergoing reaction only when treated with 
potent acids such as HI, HBr, or (CH3)sSiI (Section 7.2d). 


HLA 
МОм E 2 CHjCH;CHJI + H,O 


Vinyl ethers (also called enol ethers) are not like their saturated analo 


г es, however, 
and they react readily even with aqueous acid. T 


H30% A 
ZN Өш LOMA, CH;CH,CH,OH + CH;CHO 


The difference between the two, of course, is the presence of a double bond in the vinyl 
ether structure, and hydration of this alkene produces an unstable hemiacetal. і 


The first step of vinyl ether hydrolysis is protonation of the л bond and formation 
of a resonance-stabilized carbocation. Water reacts with the positive 


H H 
R | E um l, | 
Nn Sg == [JR c —— R + С + H 
ö © ^67 “сн, ^64 Хен, 20 
A 
H Có 
x H *ó—u н “o 
R M d aN нф Ж No 
д, = = eG + 
9 “н Q `о7 н, "ә 67 Хен, ub 


A hemiacetal 


PA 
As noted in Section 19.1a, hemiacetals are normally unstable, so the products of this 
overall transformation comprise the aldehyde (in this example) and the alcohol. 


fn BN H 9н 


\ H,0* \ Jed њӧ R € 
R \ [el EE R. + С p N H 29. + 
МД Ум Е АЕ — + 
? * d ^ój^o, `O | f F dO 
| H CH; 


19.1 Hemiacetals and Acetals 


Ketones are formed if the double bond of the vinyl ether has a carbon-containing sub- 
stituent attached to the carbon atom bearing the O atom. For example, 


On H,0* o 
CY CH,CH, _һо*, СУ + CH,CH,OH 


XERCISE 19.3 
Vinyl ethers react with alcohols to form acetals. Propose a reasonable mechanism for the 
following transformation showing the movement of electrons with curved arrows: 


OR 


ROH 
“ows H,50, “о 


19.14 АсЕТАІ5 UNDERGO HvbRoLvsis то FORM 
ALDEHYDES OR KETONES 


Each step of acetal formation is reversible, so an acetal can be hydrolyzed to regener- 
ate the aldehyde or ketone from which it was made. Protonation of one oxygen atom 
occurs as the first step, and then a molecule of alcohol is displaced to produce the res- 
onance-stabilized carbocation intermediate. 


OCH; 


l: Өсн, бсн, OCH; 
РА — CHOH = 
OCH; + њо = ;QCH, = CT ——À ei 
X p @ \ @ 


7 


H 


The carbocation is subsequently intercepted by a molecule of water, and deprotonation 
yields the hemiacetal. 


OCH; OCH; 


OCH n 
G24" Өө аы С" + H,ot 
© Я @ 


In the remaining steps of acetal hydrolysis, the other molecule of alcohol is dis- 
placed from the hemiacetal. Its mechanism is the basis of the following exercise. 


| EXERCISE 19.4. 
Using curved arrows to show the movement of electrons, propose a reasonable mecha- 
nism for hydrolysis of the hemiacetal, shown above at the right, to form cyclohexanone. 


In terms of their mechanisms, acetal hydrolysis is just the reverse of acetal formation. 
If molecular sieves (mol sieves), which are inorganic aluminosilicates with small chan- 
nels that only water can enter, are combined with a carbonyl compound, excess alco- 
hol, and acid, then an acetal will be formed; that is, the following equilibrium lies 
toward the right and is driven by the removal of water: 


acid, (xs) ROH, 
\ mole sieves, 4 \ OR 
= А C + но 
P. Oy T SE ВОН acid, (xs) H20, А / “ов : 


If an acetal is heated in aqueous acid (i.e., with excess water), then this equilibrium lies 
toward the left. Hydrolysis of an acetal does require heating, however: An acetal is not 
So unstable toward aqueous acid that hydrolysis occurs rapidly at room temperature. 
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19.2 ACETALS AS PROTECTING GROUPS 


19.2а ACETALS ARE Соор PROTECTING GROUPS 
FOR ALDEHYDES AND KETONES 


The central carbon atom of an acetal, like the carbonyl carbon atom, is electrophilic, 


Net oat OR 
C=O co 
/ / NOR 


An acetal does not normally react with nucleophiles, however, because substitution of. 
an alkoxide ion would have to occur, and RO” isa strong base, hence, a poor leaving 
group. Whereas a carbonyl group undergoes addition reactions with nucleophiles, an. acetal is 
generally inert. Thus, an acetal is a good protecting group for the carbonyl group of an 
aldehyde and ketone, a point that was first made in Section 15.5b. 

A protecting group must be readily introduced and removed, and the following ex- 
ample shows the previously described reactions in the context of using acetals as pro- 
tecting groups. Even though many alcohols can be used to make acetals, ethylene 
glycol (1,2-dihydroxethane) is often chosen to make an acetal for carbonyl protection 
because formation of a cyclic acetal is highly favored. By using a diol, both of the OR 
groups in the acetal product are present in the starting alcohol molecule. 


o^ 
HO— CH;CH;—OH 


x 
ТОН А НЕННЕ 9 + но 
Н н 


ГА 
CH,CH,CH,CH,—C, 


Consider now the preparation of a Grignard reagent from m-bromobenzaldehyde. 
The presence of an aldehyde group is incompatible with Grignard reagent formation 
(Section 15.2d), so the acetal derivative, which is stable toward reactions with most 
organometallic reagents, is made first. Next, the Grignard reagent is prepared and— 


in this example—treated with carbon dioxide followed by dilute acid to form the car- 
boxylic acid. 


н P H p 
CHO 
ног” <J 1. Mg, THF E 
H2SQ,, А 2. CO, 
(—H,0) 3. H0* 
Br Br 1 соон 


This addition of aqueous acid 
is not enough to promote 
hydrolysis of the acetal group. 


The acetal is subsequently hydrolyzed to liberate the aldehyde group of the product. 


= 7» XT OE. —— c у | 


19.2 Acetals as Protecting Groups 


19.2b АсЕТАІ5 ARE ALSO Соор PROTECTING GROUPS FOR ALCOHOLS 


An acetal group is not only the masked form of a carbonyl group, it is also the masked 
form of an alcohol. To protect an alcohol group as an acetal, a vinyl ether is used. An 
specially useful vinyl ether is the cyclic molecule 3,4-dihydropyran (DHP). The prod- 
й from the reaction between РНР and an alcohol is the corresponding 2-alkoxytetra- 
nydropyran molecule, also called a THP ether or the THP derivative of the alcohol. 


H н H 
ROH, TsOH 
о о Q Xq 
О [*] о о H o d OR 


2-Alkoxytetrahydropyran 


The THP derivative of ROH 
(a THP ether) 


-Pyran 3,4-Dihydropyran Tetrahydropyran DHP 
194 (ОНР) (ТНР) 


As an example to illustrate the use of DHP to protect an alcohol group, consider 
the preparation of the Grignard reagent of 4bromobutanol, which contains the acidic 
and incompatible OH group. If the alcohol group is first converted to its THP deriva- 
tive, then the organomagnesium compound can be made. In this example, the Grig- 
nard reagent is again used to prepare a carboxylic acid. 


Br 1. Mg, Ether COOH 
uo PI -u mo E са co, tHo A 
3. HO 


These conditions are sufficiently 
mild that they do not cause 
hydrolysis of the THP group. 


A separate hydrolysis step removes the protecting group, yielding the hydroxy car- 
boxylic acid and the stable hemiacetal molecule, 2-hydroxytetrahydropyran. 


нро OOH HOA, ACOH + C 
0^ "oH 


EXERCISE 19.5 


Propose a reasonable mechanism for hydrolysis of a generalized THP ether. 


Qu me rm 


o° "OR о” `OH 


EXERCISE 19.6 


Another acetal derivative used to protect alcohols is the methoxymethyl group (MOM), 
which is introduced by the Sy2 reaction between an alkoxide ion and chloromethyl 
methyl ether, СІСН:ОСНЗз. Show the steps with their mechanisms for the synthesis of 
the MOM derivative of cyclopentanol (Hint: See Sections 7.2a and 7.2b). 


OH о „Осн; 
(Ж О 
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emit, 


19.2с THIOACETALS ARE ALso USED As PROTECTING GROUPS 
Thiols (Section 7.3a) react with alde 
products are thioacetals 
fore find use as protecti 


hydes and ketones in the same ма 
{ | у as alcoh 
» Which are more resistant to hydrolysis than acetals, andi 
Ald ng groups when hydrolysis might be a problem. B. 
ES un Miei кп с ZnCl, is often used instead of a protic acid to catalyze thi 

1. ^ he carbocation formed in Step 1 is intercept M 
and a proton is transferred from sulfur to the diss шош. ioe к 


= m along with dissociation of 
b rq. “пс, \+ \ o + 
Р =O am e F8 — c=0 
= NG 
2а, ^0 “с 
O " 
b RSH V 73g RSH yeh 
. L—— ; C 
NI D n 
жа, © / опа, G / b ZnCl, 


Hemithioacetal 


EXERCISE 19.7 


With the use of curved arrows to show th 
nism for the steps involved in the conve 
shown in the following equation: 


е movement of electrons, Propose a mecha- 
rsion of a hemithioacetal to a thioacetal, as 


SR 
Vaf RSH ad 
/ acr Uma? / ET + HO + Z2ncl, 
Hemithioacetal Thioacetal 


The hydrolysis of thioacetals 


Е make: i i i 
Bie Gu RA н 5 use of mercury salts, which are highly thio- 


d to sulfur to form a good leaving group. 


= x: 
нас, CH,CN, (3r t 
Or. H0, Caco, Q UR - RSHgCI aR Б 
© " @ 
Нас! 


Дэ, 


maa — —— 


Show the mechanism for the remaining step of thioacetal hydrolysis: 


(уо + RSH 


19.3 Carbohydrates 


The thioacetal group is valuable for another transformation as well: the conversion 
ofa carbonyl to a methylene group. This procedure makes use of the Raney nickel 
gesulfurization reaction (Section 12.2b), and the sequence ketone — thioacetal  hy- 
rocarbon is one of the ways to convert an acyl to an alkyl group (Section 17.2e) under 


d nI 
essentially neutral conditions. 
SR H 
ZnCl. A Raney Ni 
Veo + 25H ——— € LOMA 
/ Z sp ^N 


ERCISE 19.9. 


Draw the structure of the product after each step of the reaction series shown here. 


Т. CH,CH;CH;COCI, AICI; 
Hy 


CH 
? 2. H,0* 
—————————À 
3. HSCH;CH;SH, ZnCl; 
4. Raney nickel 


19.3 CARBOHYDRATES 


19.3a CARBOHYDRATES ARE POLYHYDROXY ALDEHYDE 

AND KETONE DERIVATIVES 
Carbohydrate—literally “hydrate of carbon”—is a term that reflects the molecular for- 
mulas of these important biomolecules: C,,(HgO),. Their structures, however, do not 
contain water molecules per se; instead, these derivatives of aldehydes and ketones ac- 
quire their formulas by having an abundance of alcohol OH groups. A carbohydrate is 
also referred to as a sugar or saccharide. 

The nomenclature of carbohydrates, like that of many compounds originally isolated 
from natural sources, is based on common names, which means that you have to be fa- 
miliar with their structures and names or look them up as you need them. The chiral car- 
bohydrates illustrated in Figures 19.1 and 19.2 are monosaccharides, and their absolute 
configuration is designated as "D", which means that when drawn as a Fischer projection 
(Section 4.4), the chiral carbon atom farthest from the carbonyl group has its OH group 
on the right side of the vertical. The corresponding L carbohydrate has this OH group to 
the left, and the configuration of every other chiral carbon atom is inverted. If only the configu- 
tation of the last chiral carbon atom is changed, then the new carbohydrate is L, but it is 
a diastereomer of the original—not an enantiomer—and its root name will be different. 


Р Нс 
| 
Ep oM HO H " б т 5 
HO-;C—H H—|—oH Bd “её 
нон но н он HO H 
sy OH HO H OH HO H 
gCH2OH CH;OH CH;OH CH;OH 
D-Glucose L-Glucose D-Erythrose L-Erythrose 


Enantiomers 
— 


CH,OH 


L-Threose 


Diastereomers 


The configuration of this carbon atom defines 
whether a carbohydrate is the р or L isomer. 
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CHO 
нон 
~HO H 
H OH 
CHOH 
D-Lyxose 
CHO 
HO H 
HO H 
HO H 


H—]— OH | H OH 


in va 
CHO CHO cHo ^ \ H OH HO H үн он 
non H OH |/ HO H | H OH OH HO H 
CH;OH H OH | H OH | H OH OH H OH 
| chon | сњон / CH,OH CH,OH CH,OH 
D-Glyceraldehyde р-Егуіћгоѕе D-Threose D-Ribose D-Arabinose D-Xylose 
М y ў м 
/ сно \ сно Ѓ н, сно Л сно сно Р ad 
н он | но н aes | H on /но H* |Ho н / Lo 
$ H OH | H OH ‘| HoO——H | н ouf но H H OH | но—/—н | 
H—j—oH | н OH | н——он | Ho H| H он [но H | HO——H} 
| H OH | H OH үз н он\ н OH | н OH 
CH,OH ] CHOH \ CHOH CHOH \ CH,OH CHOH сњон | 
\ prAllose , / D-Altrose mors D-Gulose еюм D-Idose p-Galactose / 


Figure 19.1 


Structures and names of the common aldoses as their Fischer projections. 


CH,OH 


D-Talose 


The common name of a sugar includes information about the length of the carbon 
chain, the functional group(s) that are present, and the substituents. Therefore, the ab- 


sence of an OH group has to be expressed if it is missing, 


and deoxy is a common prefix 


in the names of sugars, meaning that an OH group has been replaced by a hydrogen 


atom. 


CHO 


OH 
CH,OH 


D-Ribose 


(building block of RNA) 


CHO 

H H 

H OH 

H OH 
CH,OH 


2-Deoxy-b-ribose 
(building block of DNA) 


Carbohydrates that have an aldehyde functional group are called aldoses, and 


those with ketone groups are ketoses. 
drate by the number of carbon atoms i 


We further identify a general type of carbohy- 
t has: an aldohexose has six carbon atoms and an 


aldehyde group, a ketotriose has three carbon atoms and a ketone group, and so on. 


EXERCISE 19.10 


Draw the Fischer projection for each of the following compounds: 


a. L-Arabinose 


b. D-2-Deoxygalactose 


с. L-3,4-Dideoxytalose 


————————————————— 


19.3 Carbohydrates 
5 5 

CH;OH CH,0H 

CHOH [e] о 

CH,OH ` [e] H OH HO H 
[e] H OH H OH H OH 
CH;OH CH;OH CHOH CH;OH 
Dihydroxyacetone D-Erythulose D-Ribulose p-Xylulose 
CH,OH CH;OH CH,OH CHOH 

o / о | o о 

он / HO H HO H HO H 

H OH | H OH \ HO H HO H 
OH | H OH | H OH H OH 
CH,OH CH,OH CH,OH CH,OH 
D-Psicose D-Fructose D-Sorbose D-Tagatose 


Ма ———————— 


Figure 19.2 


Structures and names of the common 2-ketoses as their Fischer projections. 


19.3b CARBOHYDRATES USUALLY ExisT AS CYCLIC HEMIACETALS 

For many of the sugars shown in Tables 19.1 and 19.2, a hydroxy group three к 
carbon atoms away from the carbonyl group can react to form a cyclic hemiace у 
the mechanism shown in Section 19.1a. Even traces of acid catalyze this ко so 
many carbohydrates exist as a mixture of forms at pH 7, and equilibria exist between 
an open chain and both five- and six-membered ring structures. 


CHO 
2 
3 
H——oH 
H—P—OH 
R 


Each form has to be specified by a different name, which requires modification of the 
name of the parent sugar. D-Glucose will be used to correlate names with cd 

The five-membered ring hemiacetal form of D-glucose is denoted by appending T 
suffix furanose to its root name, hence D-glucofuranose. This suffix is derived eds e 
resemblance of the carbohydrate ring to the compound furan, which has a five- 
membered ring. 


| -————————  — — ——————'' 'PoSÁQÁ' E 
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Ho 6 6 
9 HO сн,он 


^ CH,OH 


H OH 
— 1 о 
+ 
xm | (J 
H OH H OH Furan 


6 
CHOH B-b-Glucofuranose a-D-Glucofuranose 
Sy 
b-Glucose (root name of the 


parent sugar) Five-membered 
ring hemiaceta| 
The OH group at C1 is 


] The OH group at C1 i 
cis to the group at C4. the di Y 


trans to the group at C4. 


When D-glucose forms the six-membered ring hemiacetal, the compound is de- 
noted by appending the suffix pyranose to its root name, hence D-glucopyranose. This 
suffix is derived from the resemblance of the carbohydrate ring to the compound 
pyran, which has a six-membered ring. 


6 
CH;OH B-b-Glucopyranose а -D-Glucopyranose Pyran 
D-Glucose (root name of the 
parent sugar) Six-membered 


ring hemiacetal 
The OH group at C1 is 


! The OH group at С1 is 
cis to the group at C5. 


trans to the group at C5. 


You have undoubtedly noticed that formation of these hemiacetals creates a new 
stereocenter at СІ. The OH group at Cl can be either cis or trans in its relation to the 
substituent at C4 (in the furanoses) or C5 (in the ranoses)—the OH group is desig- 
nated Q if itis trans and В if itis cis to this other substituent. This new stereocenter, Cl, 
has a special name: the anomeric carbon atom. The two 1somers—oa and B—are called 
anomers. (If these cyclic forms are drawn with the anomeric carbon atom on the right 
side, as they are here, then & means that the OH group is below the plane of the ring, 
and B means the OH group is above the ring.) E 


Anomeric carbon atom Anomeric carbon atom 


 CH;OH CH;OH CH,OH 


| A 
о 
VM ak > Ney ak 5 БУ 
| | 
20H —á |} кшш OH 


о-Апотег (trans) 


US 


Furanoses Pyranoses 


В-Апотег (cis) 


B-Anomer (cis) a-Anomer (trans) 


| The cyclic forms that are illustrated above are the ones commonly presented in 
biochemistry texts and are called Haworth projections. These representations show а 
perspective view of the ring, with the anomeric carbon atom at the right and the oxy- 
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gen atom within the ring at the back. Because the open chain structures (Figures 19.1 
and 19.2) are shown as Fischer projections, it is important in drawing the Haworth 
forms to know how to attach the groups correctly. The following table summarizes 
these spatial relationships. 


When converting from a Fischer to a Haworth 


projection, atoms and groups are placed as follows: 
— 


Fischer projection Haworth projection 
Left side of the vertical ә above the ring 
Right side of the vertical ә below the ring 


———————————D 


Even though the cyclic forms are normally shown as their Haworth forms, they can CH;OH 
^ DC s В но о 

also be represented as Fischer projections by drawing a line from the oxygen atom of ће 

C4 or C5 OH group to the carbonyl carbon atom, approaching this C1 or C2 atom from HO 

above the structure. The anomeric OH group that is created is if it is on the right and 

В ifit is on the left. We can also draw the chair forms (conformational structures) of these 

cyclic hemiacetal forms. The groups above and below the plane in the Haworth projec- 

tion occupy the same orientations in the corresponding chair form. Note that the chair 

form of B-D-glucopyranose has all of the nonhydrogen groups in the equatorial positions. 


OH 
OH 


B-D-Glucopyranose 


Fischer projection Haworth projection Conformational structure 


H o 
n d H OH 
CH;OH 
H—— OH H OH H OH AP Ho CH;OH 
HO—j—H HO H н H HO. " 
H—+—OH H OH EO on OH 
OH 
н——он H о H Он 
CH;OH CH;OH 
D-Glucose a-D-Glucopyranose 


EXAMPLE 19.1 


For 0- D-fructofuranose, draw the (a.) Fischer projection and (b.) the Haworth structure. 


a. Fischer projection 


1. First, reproduce the Fischer projection of the parent sugar, D-fructose. Its structure, CH;OH 
from Table 19.2, is shown at the right. Number the carbon atoms, starting at the 2o 
end nearest the carbonyl group. ; 

2. Interpret the name of the structure to be drawn. The suffix is “furanose”, which sig- ho Е 
nifies a five-membered ring hemiacetal. H= Oi 

3. Find the alcohol group attached three carbon atoms away from the carbonyl car- u—2 oH 
bon atom. This OH group—at C5— is the one that adds to the carbonyl group to A 
form the hemiacetal. CHOH 


4. Draw a bond from the C5-OH group to the carbonyl carbon atom. The carbonyl 
oxygen atom becomes the anomeric OH group of the hemiacetal ring. If it is 0, as 
in this example, orient it to the right of the vertical in the Fischer projection, as 
shown in the following scheme at the right. 
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HOH,C s, 
хм” \ 1 
C—O | HOH;C— 
HO H | но— 
н он Е u— oH Placing the C2-OH group on this side 
ri of the vertical makes the а anomer. 
н—?—о/ u— o The remaining chiral centers stay the 
^u same as in the open chain structure, 
CH,OH 5CH,OH 


Draw a line starting from the C5-OH group 
and approach the carbonyl group from 
directly above the structure. 


b. Haworth structure 
To convert the foregoing Fischer projection to the Haworth form: 


1. Draw a flattened five-membered ring. The oxygen atom in the ring is placed at the 
back. (For a pyranose, the ring oxygen atom is back and to the right.) 


2. Add the anomeric OH group: By convention, the anomeric carbon atom is placed 
at the right side of the ring in a D-carbohydrate. 


3. Add the C6 carbon atom. For a D-carbohydrate, C6 (if present) is above the ring 
and at the back left. 


Anomeric carbon atom 
° CH,OH 
о (ө) (0) 
5 < 7 2 5 Y 7 2 5 2 
OH « OH 
4 3 4 3 4 


(1) (2) (3) 


°CH,OH 


Fischer projection 


4. Add the remaining non-hydrogen groups: Those on right side of the vertical in the 
Fischer projection are placed below the plane of the ring in the Haworth form. For 
a 2-ketose—which fructose is—the carbon atom at СІ is placed in the position op- 
posite that occupied by the anomeric OH group. The anomeric OH group is down, 
because it is 0, so Cl is attached above the plane of the ring. 


5. Add the hydrogen atoms. 


6 
CH;OH 1 CHOH 
он CH,OH H он GH20H 
5 2 
OH H OH 
4 3 
OH н 


(4) (5) 


When drawing the structure of an L-carbohydrate, orient the Haworth projection 
with the anomeric carbon atom to the kft and attach Сб (in a pyranose, or C5 in a fi- 
ranose) at the right and above the plane of the ring. The carbon atoms in the ring аге 
numbered counterclockwise. The anomeric OH group is still classified as о when it i$ 
trans to the Сб group, and В when it is cis. Note, however, that correlations between the 
substituents in the Fischer and Haworth structures are reversed: For L-carbohydrates, 4 
group on the right (Fischer) is up (Haworth) and one on the left (Fischer) is dow” 
(Haworth). 


4 а= 
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Anomeric carbon atom 


6 
CH,OH 


6 
CHOH CH,OH E CH,OH 


D-Aitrose L-Altrose B-L-Altropyranose 


———————————— 


EXERCISE 19.11 


Draw the structure for each of the following compounds as both Fischer and Haworth 
projections: 
a. B- D-Arabinofuranose c. O- L-Ribofuranose e. B- p-Lyxofuranose 


b. a D-Galactopyranose d. B- p-Threofuranose f. 0- D-Manopyranose 


19.3с HEMIACETAL ISOMERS OF CARBOHYDRATES (ANOMERS) 
EQUILIBRATE 


Pyranoses and furanoses are hemiacetals that form by addition of the OH groups to the 
carbonyl groups of aldoses or ketoses. The overall mechanism occurs as follows: 


1. Protonation of the carbonyl oxygen atom to form a carbocation intermediate. 


2, Reaction of the nucleophilic oxygen atom of the appropriate alcohol group (at C5 
in the following example) with this carbocation. 


3. Deprotonation to yield the neutral product. _ 


њо | 
HO—C—H HO—C—H | == Ho—C—H : HO—C—H 
| ® | Ө) © | 
H—C—OH ame dran H—C—OH 
H—C—OH H—C—OH H—C——Q:* H—C—ÓO 
CH;OH CHOH CHOH 
D-Glucose «-D-Glucopyranose 


The preceding mechanism shows only the formation of the o-anomer of the pyra- 
nose form, but as noted at the beginning of Section 19.3b, anomers of both furanoses 
and pyranoses may be formed, as summarized in the following scheme: 


Furanose Furanose 


а anomer xu, zz В апотег 


Open chain 


Pyranose ee Se Pyranose 


a anomer В anomer 


a | 


650 


CHAPTER 19 Addition-Substitution Reactions of Aldehydes and Ketones: Carbohydrate Chemistry 


While all five isomers can exist in e 
scheme by making the followin; 


quilibria with each other, it is helpful to simplify this 
§ assumptions based on the major isomers that are ac- 


tually observed: 

Aldotetrose or 2-ketopentose: os Open chain == aed 
Aldopentose or 2-ketohexose: а Open chain =—— А 
Aldohexose: 2 Open chain > "e 


19.4 Glycosides 
HO H 
H OH 
H OH 
H OH 
H о 
5CH,OH CH,OH CH,OH 


о-р-Сіисоругапоѕе 
М 


B-D-Glucopyranose 


B-b-Glucopyranose 
X 


B-b-Allopyranose 


For example, ribose, an aldopentose, forms furanoses, which are the structures present 
in the backbone of RNA, in NADH (Section 18.3c), and in ATP. 

Even though the preceding mechanism is shown Starting with the open-chain 
form, equilibria are established from any of the constituents. Therefore, when a pure 
anomer is placed in solution, it will be converted to its isomer through participation of 
the open-chain form. For n-glucose—an aldohexose—the mixture at equilibrium con- 
sists of the two pyranose forms with almost twice as much of the В anomer as the а 
anomer. The furanose forms are essentially nonexistent, which is consistent with the 
simplified equilibria summarized directly above. 


(0.00396) 
(64%) 9 
№ H 20 (36%) 
CH;OH CH;OH 
H о. OH H OH H о H 
OH H == HO н == OH н 
HO H H OH HO OH 
H OH H OH H OH 
CH;OH 
B-D-Glucopyranose «-D-Glucopyranose 
lalo =+ 18.7* [0]=+ 112° 


This equilibration process сап be followed by observing the rotation of plane- 
polarized light by a solution of the sugar (Section 4.2b). For D-glucose, the specific ro- 
tation eventually stabilizes at a value of [c], = 56.8°, increasing from «18.7? if the 
solution is prepared from the pure В anomer, or decreasing from a value of 4112? if 
starting with pure œ anomer. This process of equilibration is called mutarotation. 

Mutarotation, shown by the equilibria in the following equation, is an example of 
epimerization, which is the change in the configuration of a single chiral center. 


a Anomer === Openchain == B Anomer 


(If а molecule has only one chiral center, then the process is normally referred to as 
racemization.) Isomers that differ at the configuration of only one chiral center are called 
epimers. 

Anomers constitute a special kind of epimer in which the configuration of the 
anomeric carbon atom (C1) is changed. р-АПоѕе and D-glucose are also epimers, but 
they are not anomers: they are C3 epimers (notice that only the configuration of C3 is 
inverted). Epimers are diastereomers. 


~y 
СІ Epimers (anomers) СЗ Epimers 


ке ————————————— 


[EXERCISE 19.12 


Using curved arrows to depict the movement of electrons, show the steps in the mech- 
anism for the conversion of o-D-glucopyranose to D-glucose in aqueous solution. 


т 


19.4 GLYCOSIDES 
Шеге АЕ аа SE 


19.4а ACETAL DERIVATIVES OF CARBOHYDRATES CAN BE PREPARED 

The OH group attached to the anomeric carbon atom is not the alcohol functional 

group, but part of a hemiacetal. Therefore, it will react like any hemiacetal does, under- 

going substitution when treated with a nucleophile and acid (Section 19.1b). For exam- 

ple, D-glucose reacts with methanol and acid to form diastereomeric acetal derivatives. 
In the first step, protonation of the anomeric OH group produces a good leaving 

group. Expulsion of water in Step 2 generates a resonance-stabilized carbocation. If any 


other OH group in the carbohydrate were protonated and lost a molecule of water, 
only an unstabilized 1° or 2° carbocation could be produced. 


CH,OH CHOH 
H ats an рр : 
3 CH,OH 
OH н I 
HO H © 
H OH 
CHOH 
H ot 
—H,0 
e он deb > 
e HO 
H OH 


The carbocation is intercepted in the next step by methanol, and two isomers 
are formed because the methanol can react from either above or below the planar 
carbocation. 


H 
CHOH ==, CHOH A, CH,OH 
H oF. m H o. 9—69; H о H 
OH н н он н + он н 
HO @ но H HO QH 
HO HO н но н но CH 
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These intermediates are then deprotonated by the solvent to form acetals (only the 
acid-base reaction to form the & anomer is shown below). As a class, acetal derivatives 
of carbohydrates are called glycosides. 


CH;OH 
H O H 
H + 
OH H + CH;0H, 
HO OCH; 
H OH 


Methyl a-D-Glucopyranoside 


v 
Root name of Six-membered ring 
the parent sugar acetal (glycoside) 


Glycosides are named as pyranosides or furanosides, depending on whether a six- 
or five-membered ring is formed. The name of the group attached to the anomeric oxy- 
gen atom appears in the name as an unnumbered prefix (methyl, in this example). 
The root word of the carbohydrate is the same as that of the parent compound. The 
anomer designations, o and f, are the same as for the hemiacetal forms. 


——————————— ———————— 


EXERCISE 19.13 


Draw the structure for each of the following compounds as both Fischer and Haworth 
projections: 


a. Ethyl B-p-fructofuranoside c. Methyl o-D-ribofuranoside 
b. Isopropyl &-D-galactopyranoside d. Phenyl B-p-allopyranoside 


19.4b ActrAL Derivatives CAN BE FORMED BY CouPLING Two 
OR More CARBOHYDRATE MOLECULES 


If the alcohol that reacts to form a glycoside derivative is the OH group of another car- 
bohydrate molecule (rather than a simple molecule such as methanol), then formation 
of dimeric and polymeric sugars can result. This type of transformation cannot be done 
directly by treating a sugar with acid because there are too many alcohol OH groups 
that can react. Specific coupling reactions are performed in Nature by enzymes and 
produce carbohydrates known as disaccharides, trisaccharides, oligosaccharides (having 
a relatively small number of coupled monosaccharides), and polysaccharides (having 2 
large number of coupled monosaccharides). B-Maltose, shown below, is an example of 
a disaccharide. 


Acetal (glycoside) Hemiacetal 
6 
4 СНОН CH;OH 
HO o 79 enzyme HO о 
+ 5 2 = 
HO ТОН но 6 
2 OH OH | 4 CHOH 
52 
B-D-Glucopyranose HO B LOH 
{alcohol component) OH 


4-O-(a-D-Glucopyranosyl)-8-b-Glucopyranose 
(B-maltose, a disaccharide) 


19.4 Glycosides 


When drawing the structures of disaccharides and larger oligomers, conforma- 
tional forms, which tend to be more compact, are often used instead of the flat Ha- 
worth structures. The systematic name of a disaccharide lists the glycoside as a 
substituent on the oxygen atom of the sugar that provides the OH group to form the ac- 
etal. For B-maltose, the glycoside is o-D-glucopyranoside, and it is attached as а sub- 
stituent to the oxygen atom of the alcohol group at C4 of B-D-glucopyranose, hence the 
prefix “40”. 

For maltose, the sugar unit on the right is a hemiacetal. As such, it undergoes mu- 
tarotation via its open-chain form. The acetal center of the disaccharide (at the left) 
does not isomerize becausé the anomeric carbon atom is not in equilibrium with the 
aldehyde carbonyl group (the open chain form). 


This anomeric carbon atom does not 
isomerize because it exists in the 
acetal form. 


CHOH o CHOH o 


ws 
B-Maltose a-Maltose 


This anomeric carbon atom 
can isomerize because it 
exists in the hemiacetal form. 


In Nature, oligomers of carbohydrates abound, and several are illustrated in Figure 
19.3. The substance called “sugar” (table sugar, sucrose) is actually a disaccharide made 
from D-glucose and D-fructose. In this disaccharide, the linkage occurs through the 
anomeric carbon atom of each carbohydrate component. Lactose (milk sugar) is a dis- 
accharide comprising D-glucose and D-galactose. 

The substances known as cellulose, starch, and glycogen are polymers of D-glucose. 
The principal difference has to do with the stereochemistry of the linkage at the 
anomeric carbon atoms. Starch and glycogen also differ from cellulose by having 
branched structures. 


“EXERCISE 19.14 


Draw the structure of B-lactose, the anomer of a-lactose shown in Figure 19.3. 


19.4c GLYCOSIDES ARE HYDROLYZED USING AQUEOUS 
ACID OR ENZYMES 


Glycosides, being acetals, are readily hydrolyzed in aqueous acid solution. The mecha- 
nism follows the reverse of the steps by which glycosides are made. Polysaccharides, which 
are glycosides (acetals), also undergo hydrolysis in dilute aqueous acid. For example, cel- 
lulose yields up to 9596 of the theoretical amount of glucose upon hydrolysis with aque- 
ous hydrochloric acid. A similar mechanism occurs in the enzyme-catalyzed hydrolysis of 
glycosides, except that the acidic proton comes from the side chain of an amino acid at 
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OH 
OH HO 
о о 
HO T HO о OH 
OH HO 
HO OH ^ онн но 
1 
о он О 
HO 
HO H 
HO 
Sucrose a-Lactose 


(a-D-Glucopyranosyl-a-D-fructofuranoside) [4-O-(B-b-Galactopyranosyl)-a-b-glucopyranose] 


OH 


OH jg он о он g " 
hc ыы Ыы „а о OH "g^ И 
HO HO HO HO 


Amylose 


Starch, glycogen 


OH OH 
= О, HO OH о но OH Е: 
e en o o > 
но он o HO OH О 
он 


он 


Cellulose 


Figure 19.3 
Some common disaccharides and polysaccharides found in Nature. 


an enzyme active site. Lysozyme (Section 5.5c) is a prototype for such enzymes, and it cat- 
alyzes the cleavage of bacterial cell walls, which have a high carbohydrate content. 
Bacterial cells walls consist of the aminocarbohydrates N-acetylglucosamine (NAG) 
| and Nacetylmuramic acid (NAM), both of which are structural relatives of glucose. 


OH coo” О. 


HO 


о он 


N-Acetylglucosamine (NAG) N-Acetylmuramic acid (NAM) 


These two building blocks are linked together, as depicted below, in alternating fash- 
ion through acetal linkages like those in cellulose and other glucose-derived polymers. 


19.4 Glycosides 


Cleavage site 
Е id ir dd E uu bd 


Ao 
NAG NAM NAG NAM 


Chitin, which forms the hard exoskeleton of insects such as cockroaches, is a related 
substance with the formula (NAG) ,. Chitin is also hydrolyzed by the action of lysozyme. 

In the active site of lysozyme, the carboxylic acid side chain of glutamic acid fur- 
nishes the proton that reacts with the acetal oxygen atom. 


Polypeptide backbone of 
lysozyme active site 


An oxycation is subsequently formed after displacement of the alcohol that corre- 
Sponds to the right half of the substrate molecule. 
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"ж 
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ё - о O^ “o b. 
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о о NH The negative charge of the carboxylate 
“No о н ion stabilizes the carbocation/oxycation 
HO 22 that is produced. 
NH 2 
OH 
= Ao OF > e 
= сан o= 
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This oxycation and its related carbocation provide resonance stabilization for the pos- 
itive charge that remains when the polysaccharide chain is cleaved. This type of stabi- 
lization occurs any time an acetal (glycoside) is hydrolyzed. Within the enzyme active 
site, however, an additional influence—the negative charge of an aspartate side 
chain—helps to stabilize this positive charge. The additional stabilization by the еп 
zyme accounts for much of the rate enhancement of this catalyzed reaction. 


coo- oN 


NH 


OH 


Oxycation Carbocation 


19.4 Glycosides 


Once this carbocation-oxycation has been formed (Step 2), a molecule of water en- 
ters the active site. The oxygen atom of the water molecule reacts with the carbocation 
in Step 3, while the glutamate side chain acts as a base to remove one of the protons 
from H3O. The substrate molecule dissociates from the enzyme active site in Step 4. 


9 à ER 
axes хаг 
да: < 
di A water molecule can enter the 
mre] active site, providing a nucleophile 
HO to intercept the carbocation. 
im»... 
qe ASE 
Ee 
SD 
lo 
= m 
ын iic 
& ы 
“о 
HO 
Pr 


OH 


Overall, lysozyme catalyzes the hydrolysis of a glycoside (an acetal), which here is 
Part of a bacterial cell wall. The process can be summarized by the following equation, 
Where the bond that is broken is indicated by the colored cleavage symbol: 
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19.5 Oxidation and Reduction Reactions of Carbohydrates 659 


coo- О coo- O The stereochemical consequences of reduction vary. When a 2-ketose is reduced, 


-— — Y^ a new chiral center is generated at C2 and diastereomers are formed. For example, 
E о о NH о o NH 
~o о ~o о om CH,OH CH,OH CH,OH 
HO NH О HO О 


NH о H OH HO H 
OH A OH 
о о HO H NaBH, HO H " HO H 
[но н он №0, EtOH н он н он 
H OH \ H OH H 
coo- О. соо- О H o 


OH т. OH CH,OH CH,OH CH,OH 


- О, o NH о =, NH 
“Хо о он + но о о“ D-Fructose D-Glucitol D-Mannitol 
HO b [ej HO NH (ен 


These alditol products are C2 epimers, and they have the same structures—hence 
names—as the alditols derived from D-glucose and D-mannose, respectively. 

EXERCISE 19.15 Because the end groups of the alditols are identical, namely CH9OH, the product 
of carbohydrate reduction reactions may be a meso compound. For example, D-xylose 


Propose a mechanism for the hydrolysis reaction shown directly above, but assuming is reduced to meso-xylitol, which has an internal mirror plane. 


that the reaction takes place in aqueous acid rather than an enzyme active site (Hint: 


see Section 5.5c). H о 
B cd CH,OH 
EXERCISE 19.16 н о OH HoH т Los 
aBH, 
Lysozyme works best at pH values between 3 and 8. At pH 1, both aspartate and gluta- OH н Ho н Ho rou? HO H 
mate residues at the active site will be protonated. How would this condition affect the Ho x H OH H OH 
mechanism? At pH 10, both aspartate and glutamate residues will be deprotonated. H OH CH,OH CHOH 
How would this condition affect the mechanism? f * ? 
——————————————————— B-b-Xylopyranose D-Xylose Xylitol 
(meso) 


A meso-compound can also be formed as one product from the reduction of a 2-ketose. 
D-Sorbose is reduced to form two C2 epimers, D-talitol and meso-galactitol, which is also 


19.5 OXIDATION AND REDUCTION REACTIONS 
OF CARBOHYDRATES 


——————————————— ———— called sorbitol. 
19.5a THE CARBONYL GROUP OF A CARBOHYDRATE IS REDUCED БЕГЕТ 
TO A POLYALCOHOL CALLED АМ ALDITOL EXERCISE 19.17 


At its core, a carbohydrate is an aldehyde or ketone, and the carbonyl portion of a 
sugar can undergo reactions typical of those functional groups. Reduction is one such 
process (Section 18.3), and sodium borohydride successfully reduces the carbonyl to 
an alcohol group. When the carbohydrate exists in its hemiacetal form, the open-chain 
(carbonyl) form is still accessible, so reduction takes place. The general class of prod- 
uct from reduction is called an alditol. The actual name is generated by appending the 
suffix -itol to the carbohydrate root name. 


An unknown D-aldohexose treated with sodium borohydride yields a meso alditol. 
What are the possible structures of the starting aldohexose? (Consult Fig. 19.1.) 
К —————————————————— 


19.5b CARBOHYDRATES ARE SUSCEPTIBLE TO OXIDATION 
Because a carbohydrate has alcohol and (in some cases) aldehyde functional groups, 


H. 20 oxidation processes should be facile but complex. Selective reagents are therefore 
C CH;OH needed if a single product is desired. 
сн,он н он н он In the early days of sugar chemistry, copper(II) or silver(I) ions were used to test 
H о. OH for the presence of carbohydrates. These reactions were easy to follow because of the 
HO H 


NaBH, HO H appearance of a brick-red precipitate [copper(I) oxide] or a silver mirror on the bot- 


ud н H OH ЊО, EtOH H OH tom of the test tube (metallic silver). The reactions occur because the aldehyde group 
of the sugar is oxidized to a carboxylic acid group (Section 18.4a). Carbohydrates that 
H OH H OH H OH give positive results—a precipitate or mirror—are called reducing sugars because they 
CHOH CHOH teduce the added reagent (note that the carbohydrate itself is oxidized). 
B-b-Glucopyranose D-Glucose I d-Glucitol 


(an alditol) 
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COOH 
тен 2+ 
pena test Gu "on + Cu,0 Brick-red precipitate 


CHO 


COOH 


" " 
Tollens' test Ag H | OH + Ag? Silver mirror 


We now understand that carbohydrates in their hemiacetal forms are in equilibrium 
with the open-chain aldehyde compounds, which are readily oxidized. (Some ketoses 
also react because they can be isomerized to an aldose under the reaction condi. 
tions.) Carbohydrates that exist as glycosides (acetals) do not react under these 
conditions. 


CHO COOH 
CH,OH H OH H OH 
9 HO H д HO H 
OH он == 9", + Ag? 
HO H OH H OH 
OH H OH H OH 
H o 
D-Glucopyranose CH;OH CH;OH 
CH,OH 
О. Ag* 
OH ОСН; — NR. 
HO 
OH 


Methyl-p-glucopyranoside 


For preparative purposes, reagents other than metal ions are used. Bromine in 
water at pH 5-6 is mild enough to oxidize only the aldehyde group without affecting 
the alcohol groups appreciably. The product acids, as a general class, are called aldonic 
acids, and they can exist in a cyclic form called a lactone (discussed in Section 21.2b). 
At present, it is sufficient to recognize that aldonic acids cyclize to form the corre- 
sponding lactone (both five- and six-membered rings can be formed) just as an aldose 
cyclizes to form a hemiacetal. 


кыз 
CHO COOH 
H OH H OH 
HO H вно НО H 
H OH 2956 н он 
% 

он H OH 

CH;OH CH;OH 
D-Glucose D-Gluconic acid 


(ап aldonic acid) 
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For example, D-gluconic acid forms both five- and six-membered ring lactones. 


COOH 
H OH 
HO H 
о + 
H OH 
H OH 
CH:OH D-Gluconic acid D-Gluconic acid 
D-Gluconic acid (a 8-lactone) (a y-lactone) 


If an aldose is treated with nitric acid, then the aldehyde group as well as the pri- 
mary alcohol group at the end of the chain can be oxidized to carboxylic acid groups. 
This class of compound is an aldaric acid (also called a saccharic acid), and aldaric 
acids exist as lactones too. For example, D-glucose gives D-glucaric acid, as shown here. 


CHO COOH 
H OH H——OH 
HO H HNo, НО——н 
H oH H—1—OH 
H OH H—4— OH 
CH;OH COOH 
D-Glucose D-Glucaric acid 


(an aldaric acid) 


Like alditols, described in Section 19.52, aldaric acids can be meso because the two 
end groups are the same, namely, COOH. For example, D-galactose is converted to 
galactaric acid, which is meso. 


EXERCISE 19.18 


D-Glucose, when oxidized with nitric acid to give D-glucaric acid, forms a dilactone that 
has two five-membered rings. Draw this dilactone’s structure. 


“EXERCISE 19.19 


An unknown D-aldopentose is treated with nitric acid to give a meso aldaric acid. What 
are possible structures for the starting aldopentose? (Consult Е ig. 19.1.) 


CHAPTER SUMMARY 


Section 19.1 Hemiacetals and acetals 


* A molecule of alcohol undergoes the acid-catalyzed addition to a carbony] 
group of an aldehyde or ketone to form а hemiacetal. 


* Ahemiacetal is normally unstable with respect to regeneration of the carbonyl 
component and a molecule of alcohol. 


* Ahemiacetal that exists asa five- or six-membered cyclic compound is often stable. 


* Anacetal is formed by the acid-catalyzed substitution of a hemiacetal OH group 
by a molecule of alcohol. 
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* Addition of water to a vinyl ether yields a hemiacetal. 


* An acetal is readily hydrolyzed in aqueous acid to form an aldehyde or ketone 
and a molecule of alcohol. 


Section 19.2 Acetals as protecting groups 


* Acetals are stable toward reactions with nucleophiles and bases, so they are use. 
ful protecting groups for the carbonyl function of an aldehyde or ketone. 


* Acetals can be made by addition of a molecule of alcohol to a vinyl ether. 


* An acetal prepared from a vinyl ether, especially DHP (3,4-dihydropyran), is a 
suitable protecting group for the alcohol OH group. 


* Thiols react with aldehydes and ketones to form thioacetals, which are also use- 
ful as protecting groups. A thioacetal can be hydrolyzed, or it can removed with 
use of Raney nickel, which replaces the sulfur atoms with hydrogen atoms, 


Section 19.3 Carbohydrates 


° Carbohydrates are aldehyde and ketone derivatives that also have several OH 
groups attached to the carbon chain. 


* The nomenclature of carbohydrates is based on common names known for 
more than a century. 


* Carbohydrates normally exist in cyclic hemiacetal forms called anomers. 


* The anomeric forms of carbohydrates comprise five- and six-membered rings 
and are called furanoses and pyranoses, respectively. 


* There are several ways to depict cyclic carbohydrate structures. These include 
the Fischer and Haworth projections, as well as conformational drawings. The 
six-membered ring form of a carbohydrate exists in the chair form. 


* Anomers of a carbohydrate exist in equilibrium with the open-chain form, so 
they readily interconvert. 


* Anomers are a category of epimers, which are diastereomers that differ in the 
configuration of a single chiral center. 


Section 19.4 Glycosides 


* Acetal derivatives of carbohydrates are readily prepared by reactions between an 
anomer and an alcohol under the influence of an acid catalyst. 


* An acetal derivative of a carbohydrate is called a glycoside. 


* Glycosides can be formed by substitution of the anomeric OH group of one 
sugar molecule by an alcohol OH group of another carbohydrate. 

* A glycoside, like any acetal, is readily hydrolyzed with aqueous acid into its car- 
bonyl and alcohol components. 

* Lysozyme is an enzyme that catalyzes the hydrolysis of specific oligosaccharides. 


Section 19.5 Oxidation and reduction reactions of carbohydrates 

* The carbonyl group of a carbohydrate is readily reduced with use of sodium 
borohydride. The product of the reaction is called an alditol. 

* The carbonyl group of an aldose is readily oxidized with use of bromine in 
water at pH 5-6. The product is an aldonic acid, and the carbohydrate is called 
a reducing sugar. 

* Both the carbonyl and the primary alcohol groups of an aldose are oxidized 
upon treatment with nitric acid. The product is an aldaric acid. 
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G 
KEY TERMS 
Section 19.1a Section 19.3a Section 19.4a 
hemiacetal carbohydrate glycoside 
saccharide pyranoside 
Section 19.1b aldose furanoside 
acetal ketose 
s Section 19.5a 
Section 19.1c Section 19.3b alditol 
у furanose 
vinyl ether pyranose 
enol ether anomerc carbo atom Section 19.5b 
anomer reducing sugar 


Section 19.1d 
molecular sieves 


aldonic acid 


Haworth projection 
aldaric acid 


Section 19.3c 
Section 19.2c epimerization 
thioacetal epimers 


REACTION SUMMARY 
Sections 19.1a 
Aldehydes and ketones undergo addition of alcohols to their carbonyl groups to form 
hemiacetals. Unless it exists in a five- or six-membered ring, the hemiacetal form is less 
stable than its two constituents. 


о " HO OR” 

I a Y = 

С ^ч он 
R^ ^R R CR НО” R^ ^O O^ ^g 


Normally unstable Normally stable 


(five-membered ring also) 


Section 19.1b 


Aldehydes and ketones react with alcohols in the presence of an acid catalyst to form 
acetals. Removal of water drives the reaction to completion. 


о ко JR 
1 R"OH, TSOH X + HO 
RI ^R R в’ 


Section 19.1¢ 


Vinyl ethers undergo addition of water in aqueous acid to form hemiacetals, which con- 
vert to molecules of the corresponding carbonyl compound and alcohol. 


OH о 
њо+ a 
“oR —— б OR — Н + вон 


Section 19.14 


An acetal undergoes hydrolysis in aqueous acid to regenerate its carbonyl and alcohol 
constituents. 


мо OR” О 
С + њо? ——> l 
RI ^R 


+ 2R'OH 
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Additional Exercises 665 
Section 19.2b 


Vinyl ethers react with alcohols in acid to form acetals. Dihydropyran reacts with alco- 


hols to form tetrahydropyran derivatives called ТНР ethers, which are used as protect- 
ing groups for alcohols. 


CHO COOH CHO COOH 
ROH, _кон у ! BG HO ! | mo } 
a "won? Ko "non? H-]-OH  ?"*5  H-j-OH нон | 


Section 19.5b 


Carbohydrates undergo oxidation with aqueous bromine to form aldonic acids and 
with nitric acid to form aldaric acids. 


H OH 
CH,OH CH;OH CHOH COOH 
DHP An aldose An aldonic acid An aldose An aldaric acid 
Section 19.2c 
Aldehydes and ketones react with thiols and a Lewis acid catalyst to form thioacetals. 
? ы se JR ADDITIONAL EXERCISES 
A, aa? Ax, + њо 19.20. Give a systematic name for each of the following carbohydrate derivatives. 
R R R R Consult Figures 19.1 and 19.2 as needed. Circle the carbohydrates that are reduc- 

Th ls undergo hydrolysi ion assisted b Ш) i hich ing sugars. b-gulow deo lo 
ioacetals undergo hydrolysis, a reaction assisted by mercury(II) ions, which react К a K-Z x YN bag 
with the thiol groups. a Bob- Upe PO (ъ) gl ? € 
EN L nm е HO о. OCH; CHO HOH,C о он 

ӨСІ (xs), СаСОз 
(9С), бе), СаСОз + 2 HgSR" 
H0, CH,CN С 
к ^w z R^ ^R 


Thioacetals, when treated with Raney nickel, are desulfurized: The sulfur atoms are re- 
placed by hydrogen atoms. 


o R'S SR” ү 

| RSH (xs) Nut Raney Ni р" Pi * 

c zt, ^? A — ^ " + 2R'H + 2H; 
R^ Ng R R’ R R’ 


Section 19.4a 


Carbohydrates react with alcohols in acid to form acetal derivatives, called glycosides. 


Anomeric products are formed regardless of which anomeric hemiacetal is used as the 
starting material. 


E TIT CH,OH 


| 
о m 191. Draw the Fischer projection for each of the following compounds: 
592 a. L-Glucose b. D-2-Deoxythreose c. L-9-Deoxymannose 
OH 
Po: i i 


194$. Without looking up actual names, identify each of the followi 


gas D or L, and 
Classify each as an aldo- or ketohexose, pentose, etc. xyi 0% 
Section 19.5a | | E К 5 elo Gx Ч iy барн 
Carbohydrates undergo reduction by sodium borohydride to form alditols. сно CH,OH CHO : сн,он 
ея сон CH,OH H OH H OH H OH 
a NaBH г TTO nni Hon Ho- HO H H H H o 
| SOON i H aq EtOH j rE i H 
H—+-OH H—j-0H нон H-j-OH н=|°9 H OH HO H OH H OH al e - А 
CH,OH м CHOH CH,OH CH;OH CH,OH CH,OH HO CH,OH Т oH b^ 2 Kein exo ^e. 
An aldose An alditol A 2-ketose alditols (C2 epimers) CH;OH CHOH 
bow | ANT : 


(oe frutos pnd OG p) ketcat 
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19,23. Draw the Fischer and Haworth projections for the following compounds: à 19.28. Borane-THF is commonly used to carry out hydroboration reactions of 
a. B-p-Glucofuranose E alkenes (Section 9.42). It is also a good reducing agent for aldehydes and ketones 


(cf. Section 18.3b). As a result, one cannot conduct hydroboration reactions of an 


b. o-p-2-Deoxymannopyranose alkene if the molecule also has an aldehyde or ketone functional group. Show how 


c. &-D—Talopyranose-6-phosphate you would prepare each of the following products from the given starting material. 
. Methyl B-p-2-galactofuanoside You may use any other reagents or solvents. 
.24. Draw the anomer and enantiomer for each of the following compounds: b. 


E OH 
О. LOCH; 
о 
О о 
`~ 


CHOH Ї 
о. OH 7-O—P—O—CH, о. Он 
x н н d 
HO H H P roke 
= "E cm voti. ethylene S cel 


(49.25. An unknown D-aldopentose treated with sodium borohydride yields an opti- 
cally active alditol. What are possible structures for the starting aldopentose? 


19.26. An unknown L-aldohexose is treated with nitric acid a give a meso aldaric acid. 
What are possible structures for the starting compound? Draw the structures of the 
meso aldaric acids that can be produced from an L-aldohexose. 


^v 19.27. Draw the structure of the major product(s) expected from each of the following 
reactions. Show stereochemistry where appropriate. If no reaction occurs, write N.R. 


a. b. 
HO. 
CHO о он 
CX HOCH;CH;OH CH,CH,OH 
—————À —— —À 
CH; TSOH, А TOH 
OH OH 
c d. 
HO o, OH ОСН; (cH,),CHOH 
Br;, НО TsOH 
OH pH 5-6 
HO 
OH 
e f. OCH 
сно "eese H "cA 3 OH- 
МАХ 
TsOH, А CH;CH,CH; cl aq EtOH 
g h. 
CHO CH,OH 
OH 
HO——H HNO, o NaBH, 
aq EtOH 
ENS CH,OH 
CH,OH 
OH OH 
/ 
15 z j 
CH; 
1. HSCH;CH;CH;SH, ZnCl, но: снусн,сн;Он 
чы уы п ———_ 
2. Raney Ni DW Aho ОН 
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ADDITION—ELIMINATION REACTIONS 
OF ALDEHYDES AND KETONES 


20.1 COMPOUNDS WITH CARBON-NITROGEN DOUBLE BONDS 
20.2 IMINE CHEMISTRY AND BIOCHEMISTRY 
20.3 ENAMINES 
20.4 YLIDES 
CHAPTER SUMMARY 


In the previous two chapters (Chapters 18 and 19), you have learned several reactions 
that start with addition of a nucleophile to the carbonyl group of an aldehyde or ke- 
tone. When the nucleophile is a molecule of an alcohol or a thiol, substitution can take 
place after the initial addition step (Chapter 19). In this chapter, you will learn several 
transformations in which an elimination step occurs after the initial addition reaction. 
The nucleophiles that engage with aldehydes and ketones in addition-elimination 
reactions are amines, derivatives of ammonia such as hydrazine and hydroxylamine, 
and ylides. Ylides are molecules in which a carbanion is stabilized by bonding to a het- 
eroatom bearing a positive charge; only the chemistry of phosphorus and sulfur ylides 
will be discussed here. Phosphorus ylides are particularly effective reagents for making 
carbon-carbon bonds, so they have important applications in synthesis. 


Ph ^ 
MER хен g^ R Ph—E-G T 
H H H Ph К 


Primary amine Hydrazine (X = NH.) Secondary amine А triphenylphosphonium ylide 
Hydroxylamine (X = OH) 


20.1 COMPOUNDS WITH CARBON-NITROGEN 
DOUBLE BONDS 


20.1a A PRIMARY AMINE REACTS WITH AN ALDEHYDE OR KETONE 
TO PRODUCE AN IMINE, ALSO CALLED A SCHIFF BASE 


The reaction of a primary amine with an aldehyde or ketone provides a straightforward 
example of an addition-elimination process. This reaction is a crucial step during the 
course of several metabolic pathways, and its importance in biochemistry would be dif- 
ficult to overemphasize. 

The nucleophilic nitrogen atom of a primary amine reacts with the electrophilic 


carbon atom of the carbonyl group with the concomitant movement of the electrons 


onto the oxygen atom. This pattern of electron movement in Step 1 is the common 
ae oxygen anm. 


A dimethylsulfonium ylide 
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\ 

20.1b HYDRAZINE AND HYDROXYLAMINE CONVERT 
CARBONYL COMPOUNDS TO STABLE DERIVATIVES 
CALLED HYDRAZONES AND OXIMES 


pathway that you have already learned (Section 18.1b). The nucleophilic addition step 
is followed by an acid-base reaction to form a hemiaminal (a geminal amino alcohol), 
which is normally unstable and either reverts to starting materials or reacts further. 


R H R H R Hydrazine is similar in structure to primary amines, and its МН» group reacts analo- 
а wA N 2 Ho N gously. Aldehydes and ketones react with hydrazine to form derivatives called hydra- 
Vo мм. V М-н eo. Ye Мн“ = ү" "Ев zones, which have a C=N double bond. 
/ о №: / Nou / Nou " 
n о go 
unstable). i њин, l — . Lo 
gu (hydrazine) gi 2 


If the OH group of a hemiaminal is protonated, a molecule of water can dissociate UR 
ili ionic i i etone or 
to generate a resonance-stabilized cationic intermediate. 


A hydrazone 
aldehyde (if R' = H) 


i. R R 
x, NHR H,0* C NHR  -uo No 2 " \+ / Before the advent of spectroscopic methods, substituted hydrazines such as phenyl- 
СМ == C3 má FTN, P hydrazine and 2,4-dinitrophenylhydrazine were employed to make solid derivatives 
/ “ӧн ® / Хон, @ / H H 


with well-defined melting points as a way to characterize aldehydes and ketones. 


H H 
N—NH, N—NH, 
Ф ОТ » uo 


Phenylhydrazine 2,4-Dinitrophenylhydrazine 


This cationic species does not react with a second molecule of the amine because de- 
protonation occurs more readily, forming a neutral, stable product. This product is an 
imine, also called a Schiff base. 


R P. 
PTS d [= Уу 
ZU X Ө) / 


H The mechanism for hydrazone formation is the same as that for imine formation: 
An Imine Nucleophilic addition of one hydrazine nitrogen atom to a carbonyl group is followed 


5 (a Schiff base) by proton transfer steps. 
Imine formation is often carried out under acidic conditions—often with aqueous HN H HN H HN 
ethanol as the solvent—to increase the rate of Step 3, which generates the Н»О leaving \ 7 нн М ba т uo К м , pts А ae 
group for Step 4. Remember, however, that amines are bases (Section 5.2d), so they can Fx? RE wr — а + => б” 
react with the acid too. Protonation of the amine lowers its concentration as а nucle- © / Xo- / "ou / "ou 


ophile in the solution. Thus, this acid-base side reaction will slow the formation of the 
imine if the pH of the solution is too low. The optimum pH for imine formation lies be- 


tween 6 and 7, as illustrated in Figure 20.1. 


EXERCISE 20.1 


Draw the structure of the product from the reaction of cyclohexanone with 2-amino-2- 
methylpropane. Propose a mechanism for this reaction catalyzed by sulfuric acid. 


Figure 20.1 

A plot of pH versus rate for 

imine formation from an 

aldehyde and a primary 0 5 10 
amine. pH 


Next, the hydroxy intermediate is protonated at its OH group, and that species loses 
water and a proton to generate the hydrazone product. 


HN 

`, NH NH 
\ „Мн H,0+ V „Ин—нн, -њо No mo ъи 
e. — UO —À (сәм Е Сү 
dbi © оњ @ / N © / 


A hydrazone 


Hydrazone formation is still used occasionally to facilitate isolation of an aldehyde 
or ketone from a reaction mixture. This application is especially important when the 
carbonyl compound is a volatile liquid and its substituted hydrazone derivative is a crys- 
talline solid. A hydrolysis step, described in Section 20.1c, is subsequently carried out 
to regenerate the carbonyl compound. 

An oxime is the product of the reaction between hydroxylamine, МН»-ОН, and a 
carbonyl compound. Like a hydrazone, an oxime is often a crystalline solid. 


OH 
| NH,—OH I 
C {hydroxylamine} с + но 
R^ Ng ydroxy! R^ Ng 
A ketone or An oxime 


aldehyde (if R' = Н) 


672 


CHAPTER 20 Addition-Elimination Reactions of Aldehydes and Ketones 


>= C aaŘħÃn 
EXERCISE 20.2 


Propose a reasonable mechanism for the reaction between 2-pentanone and hydroxy). 
amine in the presence of a small amount of sulfuric acid as a catalyst. 


es 


20.1c IMINES, HYDRAZONES, AND OXIMES CAN BE HYDROLYZED 
TO REGENERATE THE CORRESPONDING CARBONYL COMPOUND 

Compounds with a C=N bond can be hydrolyzed by aqueous acid, and the mechanism 
follows in the reverse order the steps required for their formation: 

1. Protonation at nitrogen, forming a cationic intermediate. 

2. Reaction of the cation at its carbon atom with a molecule of water. 

3. Deprotonation to form the neutral hydroxy amino compound. 

4. Protonation at the nitrogen atom to generate a good leaving group. 

5. 


- Regeneration of the C=O double bond with concomitant elimination of an amine 
(X = К), hydrazine (X = МН»), or hydroxylamine (X = OH). 


x 
x “xX - E 
\ И њо“ TE, но \ „Мн њо 
CN Ра C = N С“ yao 6 
/ @ Z UN © /wWo-HW ` ву 
т u ) y © 
H 
X H X H 
NZ a nd 
V Hot \ М њо \ " 
с c XU = бео + хн, (KER, NH,, OH) 
/ “ӧн @ /Yvo—H E / 


E 
X—NH, + HOt ==. x—NH, + HO 


The equilibria of these hydrolysis processes are driven toward formation of the car- 
bonyl compound bya final reaction between the liberated amino compound and aque- 
ous acid. This acid-base step lowers the concentration of the nucleophilic XNHs 
species in solution, which inhibits its readdition to the C=O double bond. 


EXERCISE 20.3 


Propose a reasonable mechanism for the reaction shown here. What is the identity of 


the amine product? 
N о 
H,0* Е 
CY ү ow, CY — 


20.1d OxiMES CAN UNDERGO DEHYDRATION OR REARRANGEMENT 


Besides hydrolysis, oximes can undergo reactions that take advantage of the presence 
of the OH group attached to the nitrogen atom. For the oxime derivative of an alde- 
hyde, a proton and an OH group are bonded to adjacent atoms (C and N, respectively). 
Loss of water occurs when an aldehyde oxime reacts with a dehydrating agent such as 
P4010. A nitrile is the product of this transformation. 


20.1 Compounds with Carbon-Nitrogen Double Bonds 


When an oxime is tr with acid at a hi i its 


formation (which requires only a catalytic amount), it rearranges to form an amide, a re- 
action that is facilitated by the presence of the weak N-O bond. 


N о 
[| Н;50,, H20, А I 
— [e 


c 
КОСЕ R^ "NHR 


Oximes can exist as isomers if R and R' are different in the structure shown directly 
above. These are labeled as syn- [ог (Z) Section 4.1b] and anti- (or E). In rearrange- 
ment reactions of oximes, the group anti to the OH group is the one that usually mi- 
grates. In certain cases, the syn and anti isomers can rapidly interconvert, but for our 
purpose, we will assume that pure isomers can be isolated and used. 


OH OH 
ү Y 
(Y Y ^ 
LA | 
anti syn 


Isomers of benzaldehyde oxime 


When an oxime is heated with sulfuric acid ог PCl; (a Lewis acid), then a good 
leaving group is generated from the OH group. [The OH group can also be converted 
to its sulfonate ester derivative (Section 7.1b) to create a good leaving group.] Once 
the leaving group is formed, the group anti to it (R’ in the following equations) mi 
grates from carbon to nitrogen, displacing the leaving group to generate a cationic in- 
termediate. This species is then trapped by a molecule of water in Step 3. 


Io X +. " 
HOW N HOX ^R 2% 


The final product is subsequently formed by two more acid~base reactions (Steps 4-6, 
below). This overall conversion of an oxime to an amide is the Beckmann rearrangement. 


H 
—. 2 * Li 
R'N Км RING p "ИНЕ 
| / њо | H,0* |? / њо 
[e C pu) у р Сҹ + 
оў @ в ^о © R Пон © R 


EXERCISE 20.4 


Propose a reasonable mechanism for the following reaction: 


OH о 
| | 
c 


НС. ZN 
С 
a 1. TsCl, pyridine . 
——————À5 
2. H20, А 
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The Beckmann rearrangement also works well with cyclic ketones, producing the 
corresponding cyclic amides, known as lactams. For example, this transformation is 
employed commercially to convert cyclohexanone to €-caprolactam, the precursor of 
Nylon 6 (Section 26.3c). 


О 
о 
NH;OH NH H250, 
Hor? но ^ NH 


Cyclohexanone Cyclohexanone oxime e-Caprolactam 


EXERCISE 20.5 


Propose a reasonable mechanism for the conversion of cyclohexanone oxime to 
€-caprolactam. 


20.1e THE WOLFF—KISHNER REACTION COMBINES HYDRAZINE AND BASE 
TO CONVERT A CARBONYL TO A METHYLENE GROUP 


Atleast four general routes exist for the conversion of a carbonyl to a methylene group 
(Fig. 17.8). Three of those processes proceed via single electron-transfer pathways: hy- 
drogenolysis (Section 18.3e), Raney nickel desulfurization of a thioacetal (Section 
19.2c), and the Clemmensen reduction (Section 18.3e). The fourth method is the 
Wolff-Kishner reaction, and it proceeds by a series of acid-base reactions from the hy- 
drazone derivative. 


The Wolff-Kishner reaction 


| нн, H. 

NH;NH;, Н,0, OHT Y 
c A»20 c ? c но № 
RÓ ^R К ^R 


The Wolff-Kishner procedure is carried out in a single flask into which is placed 
the ketone (or aldehyde), hydrazine hydrate, sodium hydroxide, and a polar, high- 
boiling solvent like diethylene glycol, HOCHgCH,OCHgCH2OH, or DMSO. The hy- 
drazone, generated by the usual pathway in Step 1, undergoes an acid-base reaction 
with the hydroxide ion in Step 2, yielding a resonance-stabilized anion. 


Ns инно Ns 
oo LE 
/ о NH, 
\ N Y=: = C—N X 
=| ————— = e ":С— 
O NA “HOO / Na / М 
N—H NH 
u^ © 


Resonance-stabilized anion 


This anion is subsequently protonated to form an intermediate diazene (Step 3), which 
itself can undergo reaction with base to produce a second anion with loss of molecular 
nitrogen (Step 4). The resulting carbanion (a very strong base) is rapidly protonated 
in Step 5 to form the hydrocarbon product. 


20.2 Imine Chemistry and Biochemistry 


The Wolff-Kishner reaction is general for both aliphatic and aromatic ketones, but 
aldehydes are not reduced as cleanly, and side reactions sometimes predominate. The ex- 
erimental conditions of the reaction make it compatible with protecting groups like ac- 
etals, which are stable toward base. Many other functional groups are likewise tolerated 
by the combination of reagents. For example, the carboxylic acid groups in the following 
molecule do not react except with hydroxide ion. The second step—dilute aqueous 
acid—is needed to protonate the carboxylate ions and restore the COOH groups. 


1. NH2NH;, KOH, А 
_—————› 


HOOC COOH 
ир did зно? 


[9] (87-93%) 
PEXERCISE 20.6 


B 
What is the product expected at each step of the reaction sequence shown here? The 
acid workup (Step 2) is meant to hydrolyze the acetal group (Section 19.1d). 


о 
! 1. NH,NH,, KOH, А 
на 
о 2.H3;07, А 
о F 


H 


20.2 IMINE CHEMISTRY AND BIOCHEMISTRY 


20.2a AN IMINE 15 REDUCED BY HYDRIDE ION TO FORM AN AMINE 


ous chapters apply to the reactions of imines, as well. 

Sodium borohydride and LiAIH, are two reagents used to reduce an imine to an 
amine. The mechanism is the same as that for reduction of the carbonyl group of alde- 
F ies and ketones, in which a hydride ion reacts at the electrophilic carbon atom of 

4€ functional group (Section 18.3a). The anion that forms is subsequently protonated 

in a second step to generate the secondary amine. Remember that LiAlH, requires a 
separate step for workup because the reagent is incompatible with protic solvents; with 
sodium borohydride, the solvent supplies the proton. 


аз? 
СМЕ" NRN, NHR” 
LS l е, d 
Eo o 
(AIH, or BH; ) СЯ т, 
RÓ ^R LEE ad Pu RC NA 


А common procedure for making an amine through reduction of an imine deriv- 
ative is a transformation called reductive amination, which starts with an aldehyde or 


ketone and generates an imine in situ. The reagent used for this transformation is— 
sodium cyanoborohydride (NaBH3CN), which has a cyano group in place of one of the 


Protons of the borohydride ion, making the reagent less nucleophilic and more stable 
toward acid. 
= 


NHR” 
{ R"NH;, NaBH,CN | 
C 


EtOH, H;O, pH 6 > Сл, 
, , Pl а 
в “в z RI \ н 


HOOC SN NE COOH 
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Under the slightly acidic conditions used for the reductive amination procedure 
the carbonyl compound reacts with the amine to form an imine derivative (amination), 
The imine is a better base than its carbonyl precursor, so it is readily protonated пеар 
pH 7, making the carbon atom more electrophilic, hence reactive toward the 
cyanoborohydride ion (reduction). The carbonyl compound is not protonated appre- 
ciably under these conditions, so it is not activated (Section 18.1c) and does not react 
with the hydride ion. (At pH 3-4, an aldehyde or ketone is reduced by NaBH3CN.) 


o NR" 

| R"NH, l + HS 
p gi EtOH, H;O, pH 6 R^ М R : 

NR” + NHR” NHR NHR” 

| pH6 | =н: 

C ==——— С eS еј вноска? С, 
R^ ^w 7 R ^R gig CHEND ре ш 

o *OH ; ОЕР 

рн 6 | Because this equilibrium lies far to the left, carbonyl 

(а = С activation (Section 18.1с) is not significant, so reduction 

RÁ ^w ӨЗ ^m of the aldehyde or ketone does not take place. 


Another procedure used to convert an aldehyde or ketone to an amine makes use of 
the oxime derivative, which reacts with LiAIH,, a reagent that is able to reduce both C-N 
and N-O bonds. This transformation is used to convert an aldehyde or ketone to a pri- 
mary amine without contamination by secondary amine byproducts (see Section 6.3d). 


H 
NHOH .N VLiAIH, X 


М, 2.H0* x 
oH ^ / NH, 


EXERCISE 20.7 


The C-N double bond can also be reduced using hydrogen and a catalyst. What is the 
product expected from each of the following reactions? 


a. b. 
NH; 
o CHO 1. СУ 
1. CH;CH,CH,NH,, pH 6 , EtOH, НО 
CT 2. Ha, Ni O 2. NaBH,, EtOH 


20.2b IMINES PLAY AN IMPORTANT ROLE IN STRUCTURAL BIOLOGY, 
FORMING CROSS-LINKS THAT CAN STABILIZE PROTEINS 


The C=N double bond has several substantive roles in biochemical systems. For exam- 
ple, an imine bond is crucial for the success of several reactions that take place during 
the metabolism of carbohydrates (Section 23.2) and amino acids (Section 90.2c)- 
Imines are also used to provide structural support within biomolecules. Ў 

Proteins, as you have seen throughout this text, are constructed from amino p 
linked together by peptide bonds (Section 5.5b). In addition, hydrogen bonds ан 
other noncovalent interactions (Section 2.8) help define a protein’s shape by influ: 
encing how the polypeptide chain folds. Proteins that have structural roles within E 
ganisms—for example, the ones that make up hair, skin, bones, and the like—rely но 
covalent bonds to ensure that their strength and shapes are maintained, even when 
proteins are subjected to a variety of stresses. 


20.2 Imine Chemistry and Biochemistry 


Collagen, the most abundant protein found in vertebrates, constitutes connective 
tissues such as bone, cartilage, tendons, skin, and blood vessels. It exists as bundles of 
three, helical polypeptide chains (Figure 20.2) arranged in larger arrays called fibrils. 


е __ 
Figure 20.2 
The three intertwined polypeptide chains of a collagen bundle. 


Collagen's highly ordered structure, which, for example, can provide sites for bone nu- 
deation, is maintained by bonds that are crosslinks between the polypeptide chains. 

Many cross-links in collagen are imine bonds. For example, an imine can be 
formed by the reaction between the aldehyde group of allysine and the amino group 
of lysine. 


р - њо Ў 5 
сно "M h — У er 
| ! | } 
[ \ n Р 
An allysine side chain A lysine side chain Two polypeptide chains linked together 


Allysine is itself formed from the imine derivative of lysine, which is hydrolyzed to gen- 
erate the aldehyde functional group, as shown in the following scheme: 


à 


ý 


‘ 5 idati y. 

е, МН _Sxidation А ( SN ANH МӘ, Pcp Seo 
Side chain Side chain 
of lysine - of allysine 


1 Another connective tissue protein is elastin, the name of which derives from its elas- 
Uc properties. It is found in the lungs, in large blood vessels like the aorta, and in some 
ligaments such as those in the neck. Unlike collagen, elastin forms a three-dimensional 
network of fibers, lacking the regular superstructure of fibrils that collagen has, Never- 
theless, covalent cross-links maintain elastin’s overall structure while providing elasticity. 

dn elastin, imine bonds between lysine and allysine residues are reduced to form 
amino groups. Just as you saw for the biochemical reduction reactions of carbonyl 
Broups (Section 18.3c), NADH can reduce C-N double bonds as well, The advantage 
achieved by reduction of an imine group is that the cross-link is no longer subj - 
drolysis, In the aqueous environment of living systems, this reduced sensitivity to water 
adds yet another measure of stability to the protein structure. 


2-1 


NADH, H,0* ^ 
LEG 5 МРС ln ci 


£X 
H H 


An imine cross-link A cross-link that is stable toward hydrolysis 
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: EXERCISE 20.8. 
| Write out the individual steps in the mechanism by which lysine and allysine condense 
to form the imine cross-link. 


—————————————————————————— — 


20.2c IMINE BOND FORMATION AND HYDROLYSIS PLAY SIGNIFICANT 
ROLES IN AMINO AcID METABOLISM 


You have already learned about several enzymes that perform their functions in the 
presence of coenzymes. For example, the reduction of aldehyde and ketone carbonyl 
groups makes use of NADH as a coenzyme (Section 1830). A coenzyme bound within 
the active site of an enzyme is often crucial t orient electrophilic centers so that a sub- 
strate can react appropriately. As might be expected, covalent attachment of the coen- 
zyme to an amino acid residue in the active site provides one means to create a proper 
bonding site. An imine bond is especially suitable because it is readily hydrolyzed when 
the coenzyme needs to be released or renewed. 

The coenzyme utilized during the metabolism of amino acids is pyridoxal-5 -phosphate 
(PLP), a derivative of vitamin Bg. The PLP is converted during this process to pyridox- 
amine-5’-phosphate (PMP), which is recycled to PLP. 


OH H 20 NH 
н.с“ ied н.с 4 
OH OH OH 
но“ ^y | 7o,0^ ^y ) 720;РО” ` ) 
+ + + 
*N^ “ан, *N^ “сну SN "cH, 
H H H 


| Pyridoxine (vitamin B) Pyridoxal-5'-phosphate Pyridoxamine-5" phosphate 
| (PLP) (PMP) 


The aldehyde group of PLP is covalently attached as an imine bond with the side chain 
of a lysine residue in the enzyme active site. 


Positively charged amino acids 

create an electrostatic attraction 
with the negatively charged 
phosphate ion. 


? Covalent 
imine bond 


TRR 
forces i 


Besides this imine bond, however, several noncovalent interactions hold PLP at the a 
tive site as well. This anchoring of the coenzyme is crucial during amino acid metabo- 
lism because the imine bond is broken during the catalytic reaction. Without other anchors, the 
coenzyme might dissociate from the enzyme active site during the process. 

After PLP becomes attached via an imine bond at the enzyme active site, а proton 
is tran: :rred from the OH group on the heterocycle to the nitrogen atom of the 
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imine, as shown below. Protonation of the nitrogen atom near pH 7 is an especially important 


tue of an imine апа is crucial for making the carbon atom of the imine group more electrophilic. 


This proton-transfer step is a reflection of the basicity of imines that makes reductive 
amination successful when NaBH3CN is employed as a reagent (Section 20.2a). 


The enzyme-coenzyme complex is now ready to catalyze its reaction, and the 
amino acid substrate (as its conjugate base) enters the active site and undergoes 
transamination with the existing protonated imine group. 


R 
HN 4 

=C ron 
ut v 


Amino acid to be 
metabolized 


Transamination, the mechanism of which is shown by the following equation, occurs 
because the protonated imine, having an electrophilic carbon atom, undergoes addi- 
tion to its C-N x bond by the amino group of the amino acid. After transfer of a pro- 
ton, the lysine amino group is displaced, leaving the PLP bonded via an imine bond to 
the amino acid. 


R H 

H i ms н \A H H H 

V Hf `, \ „Мн JN на 7, 

C=N + АМН, == iia = = C=N + H,N—Lys 
TaN IBI Ny. ~® ёч © / 
Pyx Lys ba рух GNH, Pyr R 

Lys H Lys 
Key: RNH, = Amino acid 
Рух = Pyridoxal-5-phosphate ring 


= Lysine residue in the enzyme active site 
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Once the C=N bond between the amino acid and PLP has been established, a base 
site in the enzyme removes a proton from the position € to the imine nitrogen atom. 
This reaction is another example of how a positive charge on the imine influences neighboring 
groups: The proton attached to the carbon atom is made more acidic because of the charge on the 
nitrogen atom. At the same time, the heterocycle acts as an electron acceptor, drawing 
the flow of electrons from the C-H bond in the amino acid toward the nitrogen atom 
of the pyridine ring that bears a positive charge. This electron movement corresponds 
to oxidation of the a-carbon atom of the amino acid, and the heterocycle is acting in 
the same way that NAD* functions as an oxidizing reagent (Fig. 11.3). 
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At this stage, electrons can flow in the other direction, resulting in protonation 
(and reduction) of the carbon atom adjacent to the pyridine ring. 
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Hydrolysis of the imine bond leads finally to formation of PMP plus the a-keto acid 
that is the structural analogue of the original amino acid. The o-keto acid dissociates 
from the enzyme to participate in other metabolic reactions. 
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a-Keto acid metabolite 


EXERCISE 20.9 


Propose a mechanism for the hydrolysis reaction shown directly above as Step 4. 


The scheme that has been presented is the general route by which o-amino acids 
are converted during metabolism to o-keto acids. The metabolic process is incomplete, 
however, until PMP is converted back to PLP. That conversion takes place by a reverse of 
the steps that have just been shown, starting with formation of an imine bond between 
РМР and a molecule of o-ketoglutarate. By this pathway, o-ketoglutarate is converted 
to glutamate, the conjugate base of glutamic acid. Glutamate can be deaminated by an 
independent route not described here, so it functions as a catalyst in the deamination 
of the other amino acids. 


үн ihe 
М -Amino acid — — PLP ~ " 
pes “соон © Amino acid Р Glutamate -ооссн,сну Se “COO- 
H \ H 
| | 
o o 
I Ket id = PMP Ketoglutarat i 
a-Keto acid = E- — a-Ketoglutarate 
R^ COOH -OOCCH,CH,~ "coo- 


pg 
EXERCISE 20.10 


Draw the structures of the o-keto acids from the following amino acids (see Figure 27.1 
for the structures of the common amino acids). Name the o-keto acids using IUPAC 


nomenclature. 
a. glutamic acid b. alanine c. phenylalanine 
d. aspartic acid e. valine Ё leucine 


——< aaaaaaaiŘħŘħĖōĖŮŐ 


CHAPTER 20 Addition-Elimination Reactions of Aldehydes and Ketones 


20.3 ENAMINES 


20.3a AN ENAMINE Is THE PRODUCT OF THE REACTION BETWEEN 

A SECONDARY AMINE AND AN ALDEHYDE OR KETONE 
So far, this chapter has focused on the reactions between primary amines and carbonyl 
compounds. Now, consider what happens when a secondary amine adds to a carbonyl 
group. The first four steps are the same as those that occur when a primary amine re. 
acts. An acid catalyzes this reaction, and as with acetal formation (Section 19.1b), TsOH 
is often used because it is soluble in organic solvents, 


=_—- “+H == Ы 
S E С“ P o C 
ње ©) `o "a / Yon 
N \ 


Hemiaminal 


C) (unstable) 
CN -њо 


А cationic species is generated with the elimination of a molecule of water in Step 
4. The nitrogen atom does not have an attached proton, however, so removal of a pro- 
ton occurs instead from the adjacent carbon atom, which yields a C=C double bond. 
This product is an enamine (ene + amine). 


An enamine 


You might think that the cation intermediate could undergo substitution rather 
than elimination because the carbon atom can bear the positive charge by resonance 
delocalization, as illustrated below: 


This carbon atom is 
sterically hindered 


Yan ORC] 
f — CN ME 
С С 


RS 
Ps 
H^ \ if N 


20.3 Enamines 


This carbocation is sterically hindered, however, and that leads instead to reaction ata 
proton on the adjacent carbon atom. Recall that a tertia; carbocation often undergoes 


ó 5 A 


Pyrrolidine Piperidine Morpholine 


EXERCISE 20.11 


What is the product of the following reaction? Propose a reasonable mechanism for its 
formation. 


o NH 
А СУ TSOH (catalyst), Д, — H,0 
20.3b ENAMINES ARE NUCLEOPHILES AND BASES 


Even though an enamine is a stable compound, it can act as a base or a nucleophile be- 
cause delocalization of the unshared electron pair on the nitrogen atom imparts 
carbanion character to the B-carbon atom. 

As a base, an enamine becomes protonated at its B-carbon atom, which generates an 
iminium ion. This species has an important resonance contributor that places a positive 
charge on the o-carbon atom. If aqueous acid is being used, then a molecule of water 
can intercept this carbocation (Step 2), which leads—after proton transfer from oxygen 
to nitrogen—to formation of a carbonyl group and displacement of the secondary 


+ + as 
NAC Td MNT MNA z MNT 
pce, | — ee |, 
go e © aei Agng © S А 
| 7\ ZN /N 
An enamine An iminium ion 
‚г | „н 
CT am рт ONG / ^ Wo 9 
l Og, —9, | он H, Lory "2, | e ey 
© С © c H N 
EN © „с © 2 © 2C. 
PU Pus own 7X H 


Enamines will also react as nucleophiles with the elec trophilic carbon atom of re- _ 
active organohalides, which include methyl, benzylic, and allylic halides, and o-halo 
Carbonyl compounds. The anionic carbon atom of the enamine displaces the halide 

— ——— 
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ion, forming a substituted iminium ion. This cationic iminium ion product can be hy. 
drolyzed in a separate step to form the carbonyl group. 


P 
NNO R ^N 
| o4 — XP | но Ї 
“Ng Here E ЕСН E- M P Ss LUCR T HN. 
| H ЕХ /N 
An enamine R=H, aryl, C=C, An iminium ion 
R'C—O 


The reaction of an enamine with a reactive alkyl halides is one part of a three-step 
procedure—enamine formation, alkylation, and iminium ion hydrolysis—that can be 
used to alkylate aldehydes and ketones. (Other ways to alkylate ketones will be pre- 


sented in Chapter 22.) 
" 
OP = oe o 
CH; CH; 


EXERCISE 20.12 


Show the mechanism for each of the three stages of the preceding scheme. 


20.4 YLIDES 


20.4a PHOSPHORUS YLIDES ARE PREPARED FROM PHOSPHONIUM SALTS 


The focus in this chapter on the addition-elimination reactions of amines has been de- 
liberate and is based on the importance of the nitrogen analogues of carbonyl groups 
throughout biochemistry. But other substances, notably ylides react with aldehydes and 
ketones by addition-elimination pathways, too. It is to the reactions of ylides that we 
turn our attention for the remainder of this chapter. 

An ylide is a substance that has a carbanion center bonded to a heteroatom that 
bears a positive charge. The most common ylides are those having either phosphorus 
or sulfur as the heteroatom, but ylides with other heteroatoms also exist. You were in- 
troduced to ylides in the discussion of the Swern oxidation (Section 11.4b). 


b ES 
(уы, poe 
zh CH; 
Triphenylphosphonium Dimethylsulfonium 
methylide methylide 


The most useful ylides in synthesis are those derived from triphenylphosphine, and 
literally hundreds are known. They are readily prepared from the corresponding 
alkylphosphonium salts by treatment with a base such as sodium hydride, butyllithium: 


20.4 Ylides 


or LDA (Section 8.2e). The pK, value of the proton adjacent to the positively charged 
phosphorus atoms has been estimated to be ~ 35. 


H н H 
X g- JL i + CH. + LiB 
+ r En iBr 
R~ PPh; Tr R^ S^ Pph, ui 


The solvents used for this reaction include THF, diethyl ether, and DMSO. Actually, 
DMSO reacts with organolithium compounds to produce a solution of CH3SOCH3Li. 
This conjugate base of DMSO, CH3-SO-CH; , is called the dimsyl anion and is a strong 
base. 

The phosphonium salts themselves are prepared by the Sy2 reaction between an 
alkyl halide and triphenylphosphine. 


Pans 
Y + 
СС Тн + PPh — З ™ PPh, Br^ 


As is true for any nucleophilic displacement reaction, a primary alkyl iodide or bro- 
mide works best. Many secondary halides can also react with little difficulty. Triph- 
enylphosphine is not an especially strong base, so elimination is rarely a troublesome 
side reaction. 


EXERCISE 20.13 


What is the product formed from each of the following reaction sequences? 


a. b. 
Br Т.Р, A CH. 1. PhjP, A 
UU EE exp сс ош 
2. CHSOCH;Li, DMSO 3 2. NaH, THF 


20.4b THE WITTIG REACTION COMBINES A PHOSPHORUS YLIDE 
WITH AN ALDEHYDE OR KETONE TO PRODUCE AN ALKENE 


Phosphorus ylides react with a carbonyl group by nucleophilic addition of the carban- 
ion to the C=O double bond. 


H o Pho б. 
S ED 
d vp Ic. 
A betaine 


In the alleged intermediate, called a betaine, an intramolecular reaction takes place be- 
tween the oxyanion and the positively charged phosphorus atom, producing an 
oxaphosphetane. 


+ ч... 2s 
РРР 10:7 Ph3P—O: 
Ae EN 
67 > @ Rf v 


Oxaphosphetane 
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There is some controversy about the intermediacy of the betaine, and the best evidence 
implies that such a species does not actually exist. As a formal mechanism, however, ny. 
cleophilic addition of the ylide to the carbonyl group provides a convenient way to 
predict the course of the reaction, so we will make use of it. 

The oxaphosphetane, which does exist but is stable only at low temperatures 
(78°C), collapses upon warming via a four-membered cyclic transition state to yield 
the observed products: an alkene and triphenylphosphine oxide. 


"ый R 

S. N x 
C—C, —— > С=С + РҺР=0 
7 o0 / dis 


This transformation, known as the Wittig reaction, is general. / is one of the most power- 
ful methods for making alkenes because you know exactly where the double bond will be positioned. 
For example, if we were to carry out an elimination reaction (E2) of 2-bromo-2- 
methylpentane to make an alkene, the major product will have the more highly sub- 
stituted double bond (Section 8.1b). This E2 reaction is only regioselective, not 
regiospecific, so more than one product will be formed. 


CH; CH; CH; 
Br KOH 
28. тонон? PoP ep + ыы, 
Major product Minor product 
(trisubstituted) (disubstituted) 


By employing a phosphorus ylide, we can generate the product with the less highly sub- 
stituted double bond. Moreover, this reaction is regiospecific: Only one isomer is formed. 
The Wittig reaction constitutes the best way to make a terminal alkene. 


сн, 


p 98 Ph;P—CH, p im 


3 3 


The regiospecificity of the Wittig reaction means that the double bond will be 
placed where the carbonyl group of the aldehyde or ketone is initially. For example, 


+ А 
NEN PP hs Br^ 1. CH,SOCH;Li, DMSO pP. (5696) 


2. acetone 


o - CH; 
Ph,P—CH; 

CT —— € 
DMSO 


This predictability means that retrosynthetic analysis is straightforward, as illustrated in 
the following example. 


EXAMPLE 20.1 


Using the Wittig reaction, show how you would prepare the alkene illustrated here- 
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Because the double bond of an alkene made by the Wittig reaction coincides in its po- 
sition with that of the carbonyl group of the aldehyde or ketone that is used in its Syn- 
thesis, we consider which possible carbonyl components are needed by splitting the 
molecule at the double bond (a colored box is used below to show which portion 
comes from the aldehyde or ketone): 


[ i 
n s. 
МАМАМ => RSA PhP VON 
| н | 2° Carbon atom 
ON ON = о NN PPh 1° Carbon atom 
Nei ae 


The ylide reactant comprises the remaining carbon atoms. If possible, the phosphorus 
atom should be bonded to a primary carbon atom. For this molecule, we therefore use 
the second retrosynthetic possibility. The synthesis is as follows: 


о 
вг PhP _ PPh A~ 
А вац THR? МАСИ À > 2? 
| 
H 


“EXERCISE 20.14 


Using the Wittig reaction, show how you would prepare each of the following alkenes 
[ignore the double-bond stereochemistry in (a)]: 


а. b. 


Eee ere oO” 


20.4c THE WirriG REACTION Is Nor STEREOSELECTIVE 


The reactions shown so far have ignored the stereochemistry of the double bond in the 
product. Considering cases in which both (E) and (Z) isomers can be generated, how- 
ever, we would find in most instances that both isomers are formed. 


H 
l- 


H ( Yom H H H 


с=о с^ 5 


O CoG 


Ratio: 3:7 


(82%) 


The exact proportion of each isomer depends on the structure of the ylide as well as 
the reaction conditions, including such variables as the solvent, the temperature, the 
base, and the concentration of salts dissolved in the solution. In planning a synthesis, 
Itis best to expect that both isomers will be obtained. 
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20.4d PHOSPHONATE YLIDES ALSO CONVERT ALDEHYDES 
AND KETONES TO ALKENES 


Ylides that have a carbonyl or nitrile group adjacent to the carbanion are much less 
reactive than those without unsaturation because the electrons are delocalized. For 
example, 


To carry out the Wittig reaction with such species, we use a reagent with a phosphonate 
group rather than a triphenylphosphonium ion attached to the carbanion. The pres- 
ence of the oxo and alkoxy groups in an alkyl phosphonate compound renders the 
phosphorus atom neutral rather than charged, so while delocalization can still occur in 
the carbonyl portion, the charge on the overall species is -1, not 0, which makes ita 
better nucleophile than the ylide shown above. Notice that an alkyl phosphonate anion 
is not technically an ylide because the P atom does not carry a +1 charge. 


70 о : О 
TORDO 
g E^ осн, r 5c ocn, 
| Och; | Och; 
H H 


The synthesis of an alkyl phosphonate is readily accomplished by treating a reactive 
organohalide with trimethyl- or triethylphosphite, a process called the Arbuzov reac- 
tion. Benzylic and allylic halides and compounds with a halogen atom ©. to carbonyl, ni 
trile, or sulfonyl groups are the best substrates for this transformation. The first step is 
a typical Sy2 reaction, in which the phosphorus nucleophile displaces the halide ion. 


COOCH; сно COOCH; 
di CH40-M* 
(CH30)3P: сн; E AM 35 —P—CH; 
ui CHO — Br- 


The product itself is ideally configured to undergo an Sy2 reaction as well; a methyl 
group bonded to an oxygen atom provides the electrophilic center, and the alkyl phos- 
phonate product is a good leaving group. 


CHO COOCH; сно COOCH; 
СНО кс, Lon, CH:O~p_cy, + CHBr 
Вг (/ @ ГА 
-- CH, 9 


NL Leaving group 


EXERCISE 20.15 


Propose a reasonable mechanism for the Arbuzov reaction between benzyl chloride 
and trimethylphosphite. 


OCH; 


cl poch, 
+ P(OCH). —— З i 


20.4 Ylides 


An alkyl phosphonate obtained from the Arbuzov reaction can be deprotonated in 
a separate step to form the corresponding carbanion. Bases like those used for the Wit- 
tig reaction can be employed, but weaker ones usually suffice because two electron- 
withdrawing groups are attached to the methylene group. An alkoxide ion in alcohol 
is a suitable combination of base and solvent. 


о о 
\ | NaOEt Voz 1 
CH4,0—P —CH;— C— OCH;CH; = 7 CH0 —P— CH—C— OCH;CH; 
сн, CHO 


The resulting carbanion adds readily to the carbonyl groups of aldehydes and ke- 
tones, and addition is followed by elimination of (ВО) РО». All of the steps are ana- 
logous to those of the Wittig reaction itself. The product of this transformation, known 
as the Horner-Emmons reaction, is an alkene. 


C; Hs 


5 à ES сн; 
Va db "M ann H 
CH.CH,O— P—CH—C—OGH, Nat —S— > — (66%) 


EtOH 
CH,CH;O н — COOGH, 


One obvious difference between the Horner-Emmons and Wittig reactions is the 
nature of the alkyl halide used. Their stereochemical outcomes are also different. The 
Wittig reaction is rarely stereospecific, but the Horner-Emmons reaction between an 
aldehyde and an alkyl phosphonate carbanion prepared from an o-halo carbonyl, ni- 
trile, or sulfonyl compound produces the (£)-alkene. This stereochemical outcome is 
influenced mainly by formation of a double bond that is conjugated with the unsatu- 
rated functional group in the product. For example, 


CH; Е Lit CH; 


ica rol a am ы”. ‚ 
eM = 
9 тсн (90%) 
н H — So,Ph 


р о Na* 

A А mobo , 9 о 

о 2—05 0 (б y (71%) 
was THF Sau 


N 
он On OEt 


EXERCISE 20.16 


How would you prepare each of the alkenes shown here from compounds that have six 
or fewer carbon atoms? 


a. b. 
pU af NON 
[*] 


20.4e *ULFUR YLIDES CONVERT ALDEHYDES AND KETONES TO EPOXIDES 


No doubt, phosphorus ylides are the most useful reagents among ylide-derived sub- 
Stances. Sulfur ylides are next in importance as synthetic reagents. They can be made 
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by deprotonating trialkylsulfonium compounds, which in turn are prepared by alkylat- 
ing a thioether with an alkyl halide (Section 7.3b). In practice, only the methyl deriva- 
tive is routinely employed, as shown in the following equation: 


HaC H3C H3C _ 
АШ NE Z NaCH;SOCH; bs ET 
ra ==» po I —ppwo ^ / 2 
H;C H3C H3C 
Dimethylsulfonium 
methylide 


The positive charge on sulfur makes the protons of the attached methyl groups rela- 
tively acidic, and the conjugate base of DMSO is a strong enough base to bring about 
ylide formation. A sulfur ylide is important in the Swern oxidation (Section 11.4b), 
where it acts as a base to promote the elimination step that creates a С=О bond. 

Like a phosphorus ylide, the nucleophilic carbon atom in a sulfur ylide can add to 
the carbonyl group of an aldehyde or ketone. 


x 
а 
Ка / : 
3 T Ee a = мл 
2 / @) "i `o- 
H3C R 


Unlike the betaine that is purportedly formed by addition of a phosphorus ylide to a car- 
bonyl group (Section 20.4b), the sulfur analogue does not collapse to generate a four- 
membered ring intermediate. 


:б:7 
(сну) X> (сн3),5—0: 
cH, | 
HC 


Instead, the nucleophilic oxygen atom reacts at the carbon atom bearing the sulfur sub- 
stituent, which displaces dimethyl sulfide as а leaving group and generates an epoxide. 
The structure of the sulfonium intermediate should be familiar to you from Section 
7.3b—recall that an organosulfide, RoS, can be a good leaving group in Sy2 reactions. 


CS(CHs)2 
н 
\ „єн 
ММ — CT? + SCHO 
ча © o9 
R R 


The overall reaction is a general one, and methylene epoxides are readily prepared 
as shown in the following examples: 


ton 
(снз)5—СНг 
——————ә 
О -pMso-THF, 0°C 


Cx 
t+ > 
ce (CH CH. da (6796) 
DMSO, 50°C 


(97%) 


Chapter Summary 


Other analogues of these ylides are not as stable, but when they can be prepared, the 
corresponding epoxide is also produced. Notice that the ylide in the following exam- 
ple is derived from diphenyl sulfide. Unless the three substituents are identical, only 
one of them can have a proton alpha to the sulfur atom. Otherwise, a mixture of prod- 
ucts will be formed. 


o CH; Ph Q 
ui gu dimethoxyethane CH; 
= "т 
+ x S T EC сн, (82%) 
CH, Ph 


| EXERCISE 20.17 


The following cyclopropy! ylide is stable and undergoes an addition-elimination reac- 
tion. What is the structure of epoxide A that is formed? 


о Ph 
-+ DMSO 
"-————— Ө + Ds, —-— А (92%) 
Ph 
When A is treated with acid, a cyclobutane product is formed. Propose a reasonable 


mechanism for this rearrangement. 


нс, (CH,),CH3 


H,0* 
А — о (92%) 


—— ———— —-————-——Є— 
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Section 20.1 Compounds with C-N bonds 


* A primary amine undergoes addition to the carbonyl group of an aldehyde or 
ketone to form a hemiaminal; the acid-catalyzed loss of water generates an 
imine with formation of a C-N double bond. 


* Hydrazine or its derivatives reacts with an aldehyde or ketone to form a hydra- 
zone; hydroxylamine reacts with aldehydes and ketones to form oximes. 

* Compounds with a C-N double bond (imines, hydrazones, or oximes) can be 
hydrolyzed with aqueous acid to regenerate the carbonyl compound and 
X-NHp. 

* The oxime derivative of an aldehyde can be dehydrated to form a nitrile. 


* An oxime undergoes rearrangement when the OH group is converted to a good 
leaving group. The R group trans to the OH group migrates from carbon to ni- 
trogen to form an amide. 


e An unsubstituted hydrazone reacts with hydroxide ion at elevated temperatures 


replacing the =N-NHg group with two hydrogen atoms. The transformation 
>C=O э >С=М-МН» — >ОН» is called the Wolff-Kishner reaction. 


Sec `- 20.2 Imine chemistry and biochemistry 


* Like its carbonyl precursor, an imine is reduced with NaBH, or LiAIH, (fol- 
lowed by acid workup) to yield the corresponding amine. An oxime is reduced 
to a primary amine by using LiAIH, followed by acid workup. 


CHAPTER SUMMARY 
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* Sodium cyanoborohydride (NaBH3CN) can be used to prepare a secondary 
amine from an aldehyde or ketone and a primary amine, a process called re. 
ductive amination. 


• The carbon-nitrogen double bond is important in biological systems. An imine 
is a cross-linking group in proteins, especially those that have structural roles. 


* Because the carbon-nitrogen double bond is readily hydrolyzed, an imine 
group is useful to attach a coenzyme covalently within an enzyme active site. 


e Pyridoxal--phosphate (PLP) is the coenzyme used for the metabolic conver- 
sion of amino acids to @ketoacids. An imine bond is formed between the amino 
group of the amino acid and the aldehyde group of pyridoxal phosphate. 


e Pyridoxal-5’-phosphate functions as an oxidizing agent in much the same way 
that NAD* operates. 


Section 20.3 Enamines 


* Asecondary amine undergoes addition to the carbonyl group of an aldehyde or 
ketone; the acid-catalyzed loss of water produces an enamine. 


e An enamine is readily hydrolyzed to its carbonyl and amine components. 
• An enamine сап be alkylated at its -carbon atom using reactive alkyl halides. 


Section 20.4  Ylides 


e Anylide is a compound with a carbanion bonded to a heteroatom bearing a pos- 
itive charge. 


• The most common ylides are those that have phosphorus or sulfur atoms. 

* A phosphorus ylide is made by the Sy2 reaction between triphenylphosphine 
and an alkyl halide, followed by deprotonation with a strong base. 

° A phosphorus ylide reacts with a carbonyl group, replacing the oxygen atom 
with the carbanion portion of the ylide. This transformation is called the Wittig 
reaction, and it constitutes a general way to make alkenes. 

* The Wittig reaction is not stereoselective. 

ә Alkyl phosphonates can be deprotonated to form carbanions, which react with 
aldehydes and ketones to form alkenes in the Horner-Emmons reaction. 

• A phosphonate carbanion is used when thé original alkyl halide is reactive (ben- 
zylic, allylic, o-keto-). 

* Sulfur ylides are prepared from trialylsulfonium ions. They react with aldehydes 
or ketones to form epoxides. Sulfur ylides are also intermediates in the Swern 
oxidation as described in Section 11.4b. 


o —————____— 


KEY TERMS 

Section 20.1a Section 20.1e Section 20.4a 

hemiaminal Wolff-Kishner reaction ylide 

imine 

Schiff base Section 20.2a Section 20.4b 
reductive amination Wittig reaction 

Section 20.1b 

hydrazone Section 20.2b Section 20.4d 

oxime cross-link Arbuzov reaction 

Horner-Emmons reaction 
Section 20.14 Section 20.3a 


Beckmann rearrangement enamine 
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REACTION SUMMARY 
Section 20.1a 


Aldehydes and ketones react with primary amines to form imines. The reaction is cat- 
alyzed by acid. 
" ж" 
l R'—NH; l 
RI Ув’ TsOH Roo RY SE H,0 


Section 20.1b 


Aldehydes and ketones react with hydrazines to form hydrazones and with hydroxy- 
lamine to form oximes. The reaction is acid catalyzed. 


^X 


| HN—X | 


R^ "^R ^ ТОН R^ Cw + но 


X =NH; (hydrazone) 
Х = ОН (oxime) 

Section 20.1с 
Species with the >C=N-X group undergo hydrolysis in aqueous acid to regenerate the 
carbonyl compound and X-NHs. 

2% 

| wer, d 
Roo RY ? ROR + X—NH, 
X alkyl, aryl, NH;, OH 


Section 20.1d 
An aldehyde oxime can be dehydrated by heating with РАО уу to form a nitrile. 


LI 
„он 


o 
i NH,OH | DM = 
R^ н OH ке Ун a 


The Beckmann rearrangement. An oxime reacts with strong acid and undergoes re- 


arrangement to form an amide. The R group anti (trans) to the OH group migrates to 
the nitrogen atom. 


N о 
| H,50a, H20 | 
== 


C 
В” УМНА 
Section 20.1e 


The Wolff-Kishner reaction. With a mixture of hydrazine and sodium hydroxide, ketones 
and some aldehydes are deoxygenated: The carbonyl group is converted to a CH» group. 


H H 
l NH;NH;, H,0, OH- 4; 
NENH нго, OH" 
RNR А> 200°C goo c 90 
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Section 20.2a 
Imines are reduced by hydride reagents to form amines. 
" 
в” „к , 
N^ Н NHR" Н NHR 
" ll 1. LiAIH,, ЕТО Б 
| NaBH, С or c à gee . 
go. EtOH, H;O R^ ^R R^ Ув’ 2. но R R 


Reductive amination: Sodium cyanoborohydride can be used to form secondary 
amines directly from aldehydes or ketones and primary amines. 


[9] NHR” 
| R"NH;, NaBH,CN {, 
R< Np EtOH, H,0, pH 6 R^ "^H 

R 


An oxime is reduced by lithium aluminum hydride to form a primary amine. 


„Он 


H 
| 1. LIAIH,, Et,0 Vw 
MURIS е 
К SR’ RHO* R^ Ув 


Section 20.2c | | 
Amino acid metabolism. The coenzyme and PLP forms an imine bond with an amino 
acid and converts the amino acid to an o-keto acid. 


NH, 
| епгуте 1 
ee COOH РР " g^ соон 
H 


Section 20.3a | | 
Aldehydes and ketones react with cyclic secondary amines to form enamines. The re- 
action is acid catalyzed. 


= — но 
Д=О sao F7 + н, 
R'CH, R'CH 


Section 20.3b 9 А 
Enamines undergo alkylation with reactive alkyl halides or hydrolysis in aqueous асі 
to form a carbonyl compound and the secondary amine. 


R R 
R R \ oe 
Я H30 
eo) ass у x- 20 Su uS fro + HX] 
rch ксн R'CH R'CH, 


R” 


К" =H, aryl, C=C, RC=0 
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Section 20.4a 


solvent. 
\ PhP \ + і Pe 
7 * ———À ach, ЕТЕР, ic-Peh, 
H H xX 


X = С, Br, I, OMs, OTs 
Section 20.4b 


The Wittig reaction. A triphenylphosphonium ylide reacts with aldehydes and ketones 
to form alkenes. The reaction is not stereospecific. 


‘Pen, + onc к-С + O=PPh 
pm vc rug by I SPA 


Section 20.4d 
The Arbuzov reaction. Trimethylphosphite reacts with a reactive alkyl halide to form an 
alkylphosphonate. 

R R 

rox eee pv OCH, 

н H OCH; 


R=Ph, C=C, С=О 


The Horner-Emmons reaction. An alkyl phosphonate reacts with base to form a phos- 
phonate carbanion, which reacts with aldehydes and ketones to form alkenes. 


R o R о / R 


A Чао, V. ome. \ oY 
"09 вон #=—В—ос — s 9 + (CH:0),P0; 
H OCH; OCH; 


R=Ph, C=C, С=О 


Section 20.4e 


Sulfur ylides are made from the reaction between a thioether and an alkyl halide (most 


commonly, methyl iodide) followed by an acid-base reaction with strong base in an 
aprotic solvent. 


нус. ne 
CH + (CH3)5 —> Aen rly Shay, 
HC нс 


Aldehydes and ketones react with sulfur ylides to form epoxides. 
нс 
г E" A 
j —CH, + g ————3À3 asc, + (СН) 


ГРА 
нс ch, 
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ADDITIONAL EXERCISES 


20.18. Propose a reasonable mechanism for the addition-elimination reaction be. 
tween pentanal and semicarbazide, Н МСОМНМН», in the presence of a small 
amount of sulfuric acid as a catalyst. 


а HjN^ "NH—NH; 


EtOH, H;SO, (catalyst) 


20.19. Draw the structures of the imines that will be made from the reactions of each 
amine in the first column and each aldehyde or ketone in the second column, for 
a total of nine structures. 


l-Aminobutane Pentanal 
p Toluidine (4-methylaniline) 3-Methylcyclohexanone 
trans2-Methyl-1-aminocyclopentane p-Nitrobenzaldehyde 


э». Draw the structures of the enamines that will be made from the reactions of 
each amine in the first column and each aldehyde or ketone in the second column, 
for a total of nine structures. 


Morpholine Cyclohexanone 
Pyrrolidine Acetophenone 
Diethylamine Hexanal 


20.21. Write an equation for the reaction between 1-phenyl-1-propanone and each of 
the following reagents: 


CH3Li іп ether—hexane, followed by aqueous acid workup 

NaBH, іп EtOHaq 

NH »NHp, KOH, diethylene glycol, A 

Bro, FeBrs 

PhgP'—CHCHs 

(СНз) »5*-СН» followed by addition of CH3Mgl in ether then H3O* 
Morpholine and TsOH 

. NH OH, TsOH 


>= mo ao oP 


20.25. The tranquilizer Valium, considered one of the most overprescribed medica- 
tions of modern times, can be made by the intramolecular formation of an imine 
bond. Assuming that the final step in the synthesis of Valium is formation of the 
Schiff-base linkage, draw the structure of the immediate precursor. Propose 4 
mechanism for ring closure. 


CH; 
\ о 


CI “2 “м Valium 


Additional Exercises 


90.23. The amino acid proline is made in living systems by an intramolecular imine 
bond-forming reaction. Glutamate is first reduced in a two-stage process to yield 
glutamate-5-semialdehyde. What two steps are needed to convert the aldehyde to 
proline? Propose a reasonable mechanism for these last two steps. 


+ + 
НУМ. H HN Pa 
-оос coo- ‘two steps onc ~~ coo- two steps l Ne H 
TM | М "coo- 
Glutamate (glutamic acid) Glutamate-5-semialdehyde | 
H 
Proline 


КЕ Draw the structure(s) of the major product(s) expected from each of the fol- 
lowing reactions. Indicate the stereochemistry of the product as appropriate. Rela- 
tive stereochemistry should be shown using wedges and dashed lines. If a racemic 
mixture will be formed, draw the structure of one enantiomer and write the word 
“racemic”, or draw both enantiomeric structures. If diastereomers are formed, draw 
each structure; label meso compounds as such. If no reaction occurs, write N.R. 


a. о (Ow b. 


ZNO 1. CrO;, pyridine, CH;Cl; 
TsOH, A 2. aminocyclohexane, TsOH 
С. d. 
^ч p pentanal AY (CHj5* —CH, 
———À —————3À 
3 THF 
e T А f. 
E но 1. СН,СОСІ, AICI; 
E => ae > 
Н 4 777 eH(OCH), њо" 
H;N 3. [н TsOH 
CH; О 
1. catecholborane h 
2. H202, OHT i 
(CH,),CHCH;—C=C—H 202, OH 1. NH2OH, TsOH 
3. PhP *— CH; 2. Н,50,, Н,0 A ? 


2055. In performing each of the following reactions, indicate the principal IR ab- 
Sorptions that you would look for in the reactant and product to ensure that the re- 
action was successful. Be as specific as possible: list the position (cm7!), intensity 


(weak, medium, or strong), and shape (sharp or broad) of the diagnostic absorp- 
tion band(s). 


Ioue атоо 
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20.26. For the reactions shown in Exercise 20.25, repeat the process for the !H and 
broad-band !3C NMR spectra. List, as applicable, the chemical shifts, integrated in. 
tensity values, splitting patterns, and DEPT results. Make a sketch of the ІН NMR 
spectra of the starting carbonyl compounds. 


20.27. Show the reagents needed to carry out each reaction in Exercise 20.25. 


20.28. Show how you would prepare each of the following alkenes using a Wittig re. 
action and starting with benzene, toluene, cyclohexene, triphenylphosphine, and 
any other organic compounds that have five or fewer carbon atoms. You may also 
use any other reagents and solvents. | 


a. b. c. 
b PW 
N N 
20.29. Show how you would prepare each of the following compounds from benzene, 


cyclohexanol, and any other organic compounds that have four or fewer carbon 
atoms. You may also use any other reagents and solvents. 


a. b. c. 
Z"N— СеН5 


20.30< A triphenylphosphonium ylide is nucleophilic, so it can react with a primary 
alkyl halide by the S42 mechanism. Draw the structure of the product formed after 
each step in the following sequence. 


1. NaH in DMSO 
2. C,H,CH;Br 

3. NaH in DMSO 
4. C;eH.CHO 


А 
Ph,P—CH, Bro 


i. Vinyltriphenylphosphonium bromide is a reasonable dienophile in the 
Diels-Alder reaction (Section 10.4b). Draw the structure of the product formed 
after each step in the following sequence. 


Xx 1. PPhy Br 
Шз. шд уы 
2. LDA, THF 
моу CH;CH,CHO 


20,32. Propose a mechanism for each step of the following reaction scheme: 
CHa i „н, „ы осе K* “O-tBu А М 


| | 
CH; CH; 
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3985. Compound X, СН в, undergoes ozonolysis followed by reductive workup to 


дох 


produce а C, aldehyde plus Y, which has the IR апа ЇН NMR spectra shown below. 
Stirring X with aqueous sulfuric acid followed by heating with potassium dichro- 
mate gives Z, which can also be made by a Friedel-Crafts reaction from toluene 
апа (СНз) СН»СОС. Draw the structures of compounds X, Y, and Z. What reac- 
tions can be used to convert compound Y to X? 


100 ~ 

80 ~ 
x 
g 
У 60- 
£ 
S 40 5 
È 

20 -| = 

SCG 
e r e A ше b T T T | | 
4000 3400 3000 2600 2200 2000 1800 | 1600 1400 1200 1000 800 600 
as оа cm 
С=О, 
(3) у д 
Z Му — 
CH Sor 
Q 
Y 

> | Ah үш 

Er CTT 

8 CONGUE TE 

[s n 
"Pix T | | = Ө, | | T 
woo 10 9 8 7 6 3 ws 2 Q1 F BC M 
S Cha CR cM i 

A A Qe «жаис ле Wok => Cy cde hac. ES 
iH Cis 2 m 

SJ ine * С 

| Ha8ou 


p CH=CH toy Hy @ 


| е 


La 


4 
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ADDITION—ELIMINATION 
REACTIONS OF CARBOXYLIC 
ACIDS AND DERIVATIVES 


21.1 GENERAL ASPECTS OF STRUCTURE AND REACTIVITY 
21.2 REACTIONS OF CARBOXYLIC ACIDS 


21.3 THE CHEMISTRY OF ACID CHLORIDES, THIOESTERS, 
AND ANHYDRIDES 


21.4 THE CHEMISTRY OF ESTERS 

21.5 THE CHEMISTRY OF AMIDES 

21.6 THE CHEMISTRY OF NITRILES 

21.7 REACTIONS WITH ORGANOMETALLIC COMPOUNDS 

21.8 REDUCTION REACTIONS OF CARBOXYLIC ACIDS AND DERIVATIVES 
CHAPTER SUMMARY 


Like aldehydes and ketones, carboxylic acids and some of their derivatives are impor- 
tant as intermediates in metabolic processes. The COOH functional group is ubiqui- 
tous in Nature, occurring in amino acids, which are the building blocks of proteins; in 
fatty acids, which are used to store energy and provide components for membranes; 
and as parts of many hormones and related regulatory substances such as the 
prostaglandins (Section 12.4c). 

As the name indicates, a carboxylic acid is acidic, and its proton can be removed by 
reaction with a base, which generates the corresponding carboxylate ion. This aspect 
9f carboxylic acid chemistry was discussed in Section 5.2c. This chapter will describe 
how carboxylic acids and their derivatives, which include acid chlorides, esters, 
thioesters, amides, and nitriles, can be interconverted. Amides, which are nitrogen- 
Containing derivatives of carboxylic acids, are also common in biochemistry. For ex- 
ample, the amide group is used to link amino acids to form proteins (Section 5.5b). 
Furthermore, amides form hydrogen bonds (Section 2.8b) that stabilize the structures 
of proteins and give them their three-dimensional shapes. 

Carboxylic acids and their derivatives are also important molecules in the field of 
Polymer chemistry. Polyesters such as polyethylene terephthalate (PETE or PET) and 
Polyamides such as nylon and Kevlar are materials that have profoundly affected our 
daily lives. The chemistry of these polymers is presented in Chapter 26. 
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702 CHAPTER 21 Addition-Elimination Reactions of Carboxylic Acids and Derivatives 21.1 General Aspects of Structure and Reactivity 703 
21.1 GENERAL ASPECTS OF STRUCTURE f EXAMPLE 21.1 
AND REACTIVITY F Draw the structural formula of isobutyl 3-chloropentanoate. 
21.1a THE CARBONYL GROUP OF CARBOXYLIC ACIDS AND THEIR —  — 


DERIVATIVES |$ BONDED TO A HETEROATOM The compound root is “pent” (5 carbon atoms), the multiple bond index is “an”, which 


The reactions of carboxylic acids and their derivatives differ from those of aldehydes means no carbon-carbon double or triple bonds, and the suffix is *oate". The com- 
and ketones because the carbonyl group bears a heteroatom and not just carbon- and pound is an ester, a functional group that must be at the end of the chain. The un- 
hydrogen-atom substituents. The presence of a heteroatom means that these func. numbered prefix "isobutyl" is the name of the alkyl group attached to the oxygen atom. 
tional groups must be at the end of the carbon chain in aliphatic compounds. The 

names of carboxylic acids, amides, and nitriles, which were presented in Chapter i 1 ? ? 

have the suffixes —oic acid, –атійе, and —nitrile, respectively (Table 1.1). For cyclic com- : C-cC—C—C—C—0— C—C—C—C—C—0— CH;CH(CH3); 

pounds, the point of attachment of the COOH, CONHg, or CN group defines C1 of the ba 23) ox И B x ug 

ring, and the alternate suffixes carboxylic acid, carboxamide, and carbonitrile are used. The 

parent names of the benzene compounds with these functional groups are benzoic | Looking at the rest of the name, we see that a chlorine atom is attached at C3. We fin- 
acid, benzamide, and benzonitrile. ish by adding hydrogen atoms to every carbon atom to give each a total of four bonds. 


1 o cl o 


i TOT | i 
c c CN C—C—C—C—C—0-—CH;CH(CHj; CH,CH, — CH— CH; —C— O— CH,CH(CHj) 
or “он © “мн, С S 4 a > 14 


| EXERCISE 21.1 


Draw the structural formula of tert-butyl (E)-2-hexenoate. 


Benzoic acid Benzamide Benzontrile 


The names of amides with substitution at their nitrogen atoms have an upper case, ital- 
icized N- instead of a numeral, which is used for substitution of the carbon chain. For 


example, 21.1b AcyL Groups ARE DERIVED FROM CARBOXYLIC ACIDS 
н НС. н н The acyl group, mentioned previously іп Section 17.2e, is the general unit of a car- 
| CH, | | boxylic acid formed by removing the OH fragment. The names of acyl groups derived 
© зз AL Мен Sy d dii: cH from the IUPAC names of carboxylic acids are created by changing the suffix from "oic" 
эү " о ee to “oyl”. The names of acid chlorides are then generated by including the suffix “chlo- 
i ride” as a separate word with the name of the corresponding acyl group. For example, 
Hexanamide 2-Ethylhexanamide N-Ethylhexanamide 
9 О [e] 
The nomenclature of two common types of carboxylic acid derivatives—esters and L. i. a 
acid chlorides (Section 21.1b)—was not discussed previously, although you have doubt- Су он Су Су cl 
less seen several names already. Ethyl acetate, а common solvent, is an ester (Fig. 6.7). 
When an alkyl group is attached to a carbon chain as a substituent, its point of at | 
tachment is specified by a numeral, as previously noted. Occasionally, you will en- Benzoic acid Benzoyl group Benzoyl chloride 
counter a name that has a prefix with no associated number; furthermore, this prefix 
is separated from the rest of the compound’s name by a space. The presence of an ester o o 9 
functional group is denoted by the suffixes “oate” or “carboxylate”. When you see one of 4 р L PN pu 
these suffixes, the next step is to look for an unnumbered prefix, which specifies the CH;CH;CH;CH; OH CH;CH;CH;CH; CH3CH;CH;CH; СІ 
identity of the alkyl group (R’ in the general structure given below at the left) attached 
to the oxygen atom of the ester functional group. Pentanoic acid Pentanoyl group Pentanoyl chloride 
о о T ns о , The names of the two smallest acyl groups—formyl апа acetyl (Table 1.5)—originate 
Ї Ї O о ZR ! ei With the common names formic acid and acetic acid (IUPAC names: methanoic acid 
; " TE А 
go CH, нен s о СУ 3 ФА ^o^ and ethanoic acid, respectively). 
о о о о 
Phenyl butanoate Isopropyl benzoate Methyl cyclopentanecarboxylate | А l ji l 
u^ on Hit s Wc он HC ^ 
The following example illustrates the interpretation process. 
Formic acid Formy! Acetic acid Acetyl 


(IUPAC: methanoic acid) group (IUPAC: ethanoic acid) group 
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О 
l 
H^ DOH 


Formic acid 


о 
| 
H,C^ “он 


Acetic acid 
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These common roots, "form" and *acet", appear in the names of many other molecules 
with multiple bonds (especially those with carbonyl groups) having one or two carbon 
atoms, which are illustrated in Figure 21.1. 


о о 9 
i | 
BG „С „С 
H^ OCH; HOH H^ “мн, 
Methyl formate Formaldehyde Formamide 
o о o о 
| : | 
E КӨ : pic 
нс “осн; н, “н нс NH; ныс “ен; H,C— CEN 
Methyl acetate Acetaldehyde Acetamide Acetone Acetonitrile 


Figure 21.1 
Common names derived from the roots "form" and "acet". 


21.1c THE REACTIONS OF CARBOXYLIC ACID DERIVATIVES PROCEED 
BY Way OF A TRANSIENT TETRAHEDRAL INTERMEDIATE 


When a carboxylic acid derivative is treated with a nucleophile, addition occurs to the 
1 bond of the carbonyl group to form a tetrahedral intermediate, so-called because the 
carbon atom changes its hybridization from sf? (trigonal) to sf? (tetrahedral) as the x 
bond is broken. The tetrahedral intermediate is normally unstable with respect to the 
form having the carbonyl group, so an electron pair on the oxygen atom displaces the 
group X to regenerate the carbon-oxygen л bond. This displacement occurs most readily 
when X is a good leaving group. This overall process, which results in interconversion of 
carboxylic acid derivatives, is classified as an addition-elimination reaction. 


б: :Nuc™ R Dn б: 
l ——— ха а | + X 
R^ Cx Nuc ÙX : R^ “Мис 
Tetrahedral 


intermediate 


The addition-elimination reactions of carboxylic acids differ from those observed for 
aldehydes and ketones (Chapter 20). In the latter, no leaving group is attached to the 
carbonyl carbon atom. For aldehydes and ketones, elimination occurs instead by loss of 
the oxygen atom of the original carbonyl group. For example, 


+ 
(0) H;NR' 
I R’NH, | [| | 
AN кашан. x. E E * HC 
R cl R< "0 R NHR’ 
cl 
An acid chloride An amide 
+ 
о H;NR' NR' 
Po my y — L € 
R^ ^H R^ ^o R Ун 
H 


An aldehyde An imine 
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21.14 THE REACTIVITY OF THE CARBOXYLIC AcID DERIVATIVES VARIES 

IN RELATION TO THE BASICITY OF THE CARBONYL SUBSTITUENT 
Even though each carboxylic acid derivative reacts by nucleophilic addition to its car- 
bonyl group, the rate of addition to form the tetrahedral intermediate is tempered by 
the relative basicity of the heteroatom substituent attached to the carbonyl carbon 
atom. 


О о о [o о о 
I I | | I i 


c pau Ce С 
“Ха R^ "o^ ^R R^ SR’ R^ "of R^ NHR’ 


An acid chloride An anhydride A thioester An ester An amide 


Decreasing reactivity toward nucleophilic addition 


RS кот RNH7 


Increasing basicity 


If you think of a carboxylic acid derivative as the product of a Lewis acid-Lewis base 
reaction between an acyl cation and the heteroatom-containing group, then this equi- 
librium will lie in the direction of the neutral molecule (to the right) as the basicity of 
the heteroatom increases. The net effect of this attraction is to lower the effective elec- 
trophilicity of the carbon atom, which makes it less susceptible toward reaction with a 
nucleophile, hence slower to react. 


| = x = | 


Lewis acid (acyl cation) Lewis base 


The rate of the second step of the addition-elimination mechanism—the one in 
which the tetrahedral intermediate collapses to regenerate the carbonyl group-—will be 
faster as its leaving group becomes better (weak base). This trend is the same as for the 
addition step: 


Мис 07 Nuc 9 О Nuc O^ Nu, О Мис О 
ped M | ped "d c: 
R^ а R^ o^ ^R R^ SR R^ or’ R^ NHR’ 
(Acid chloride) (Anhydride) (Thioester) (Ester) (Amide) 
C RNH^ 


Therefore, the overall rate of addition-elimination reactions of carboxylic acid deriva- 
tives decreases with increasing basicity of the heteroatom substituent. 
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21.1e THE ADDITION REACTIONS OF CARBOXYLIC ACIDS ARE 
SUPPRESSED BY THE PRESENCE OF THEIR PROTONS 


Like its derivatives, the carbonyl carbon atom of a carboxylic acid carries a partial pos. 
itive charge, which makes it electrophilic. In the COOH group, however, the proton is the 
most electrophilic atom, so an acid—base reaction—rather than addition—normally occurs 
when a carboxylic acid is treated with a nucleophile, which is also a Lewis base (Section 
5.3с). 


a 
T 8 „+ The proton is the most electrophilic 
l è atom of the COOH group. 
po~ 


When a nucleophile undergoes an acid-base réaction with a carboxylic acid, re- 
moval of the proton generates the carboxylate ion, which is stabilized by resonance. A 
composite structure of the resonance hybrid (below, right) shows the negative charge 
distributed over the entire group. Many nucleophiles cannot overcome the repulsive 
effect created by the negative charge of the carboxylate ion, so the further reaction be- 
tween a nucleophile and a carboxylate ion is suppressed. 


Ш a о = $, 
—— -HX i= 
Сы Н xT ——— c ә с = C. 
a Sos N62 R^ “б R^ о: 
Resonance structures for Composite 


the carboxylate ion representation 


21.2 REACTIONS OF CARBOXYLIC ACIDS 


21.2a Esters CAN ВЕ Mape DiRECTLY FROM CARBOXYLIC ACIDS 
AND ALCOHOLS IN THE PRESENCE OF AN ACID CATALYST 


Addition to the carbonyl group of a carboxylic acid has to be carried out under acidic 
conditions so that the acidity of the COOH proton is less important, and the carbonyl 
group can exert its electrophilic character. In acid solution, however, a nucleophile can 
also be protonated, compromising its nucleophilic character. Reactions of carboxylic 
acids in the presence of a stronger acid are therefore limited. Fortunately, alcohols are 
very weak bases, so an alcohol will react with a carboxylic acid in the presence of a 
stronger acid to form an ester, a process called esterification. 

The carbonyl oxygen atom of a carboxylic acid reacts with a strong acid, such as sul- 
furic acid in the present example, to form a cation intermediate that is stabilized by res- 
onance delocalization. 


:0: :OH :ÓH :ÓH 
|. E 
тт m . m 
R^ “он @ R^ “ӧн R^ “ӧн R~*~OH 


You have seen this effect previously, in the reactions of aldehydes and ketones that take 
place in acid (Section 18.1c). The carbonyl group is activated by protonation to make 
it more susceptible toward reactions with nucleophiles. 


21.2 Reactions of Carboxylic Acids 


H 
ri 67 
—c—O—-H к 5-8 
А E-O 
t 


In a carboxylic acid, the proton 


In a protonated carboxylic acid, 
is the more electrophilic center. 


the carbon atom is the more 
electrophilic center. 


After the carbonyl group is activated, the alcohol, which is often used as the solvent 
in esterification reactions, reacts to form an intermediate having one alkoxy and two 
hydroxy groups. 


+ n 
OH x 107 Я 
@ "o ouis HQ Sti HQ £o, . 
ено = pes pus + CH,OH; 
R бн @ R^ Nou ® R^ Now 


This intermediate can be protonated at one of its OH groups, which forms a good leav- 
ing group, namely, water. A proton is then removed from the other OH group to gen- 
erate the carbonyl group of the product as a molecule of water is displaced. 


X о 
На pos сњён, HAD осн, ы i " 
С C + CHOH ES + CH;OH 
RN О) g^ ud i © R^ “OCH и 
OH [e] 
In the overall process of esterification, a molecule of water is formed: 
о о 
i + кон once | + нњо 
, аа 
=——=——= 
R^ “он R^ Хов’ * 


To facilitate esterification, a dehydrating agent is often added to the reaction mix- 
ture to drive the equilibrium toward ester formation, and molecular sieves (Section 
19.1d) work particularly well. Heating the reaction mixture to remove water (along 
with some alcohol), using a large excess of alcohol, or using a hygroscopic acid such as 
sulfuric acid are other ways to shift the equilibrium in favor of the ester product. 

Not all esters can be made by this method. If the alcohol is sensitive to strong acid, 
then the ester must be made from an acid chloride (Section 21.3а). Tertiary alcohols, 
for example, can be protonated at their oxygen atoms and undergo El reactions (Sec- 
tion 8.1a). The acid-catalyzed synthesis of the widely used methyl and ethyl esters from 
carboxylic acids works well, however. 


What is the major product expected from each of the following reactions? 


a. b. 


COOH 
CH,OH, HCI ud di CH,CH,OH 
d mol sieves COOH H;S504, A 


+ 


H,0 
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21.2b HvpRoxv CanRBOXYLIC Acips FORM LACTONES 


When a molecule contains both alcohol and carboxylic acid functional groups sepa- 
rated by three or four carbon atoms, a cyclic ester, called a lactone, forms readily. This 
intramolecular process is analogous to that for cyclic hemiacetal formation from hy- 
droxy aldehydes and ketones (Section 19.1a). 

A general designation for lactones uses a Greek letter to denote the position of the 
OH group relative to the COOH group in the corresponding hydroxy acid. The B 
lactone (four-membered ring) is reactive but isolable. The y-lactone (five-membered 
ring) and &lactone (six-membered ring) are stable and form readily. 


[e] 9 a 
X м p О 
о 
g--O a о 
А B-Lactone A y-Lactone A 8-Lactone 


Тһе mechanism for lactone formation is the same as that for acid-catalyzed esteri- 
fication, and even traces of acid (indicated by HX in the following mechanism) will cat- 
alyze this reaction if a five- or six-membered ring is formed: — 


Fi HQ 
iun „Өн ҷон 
но | b нб | —— (3 )—H 
STIS Sod © soon ® 
д 
HO HQ^ . HOt Е 
Xs OH wae х OH ^ OTH I 


Lactones were previously mentioned when you learned about the oxidation of car- 

bohydrates to aldaric and aldonic acids (Section 19.5b). One of the hydroxy groups of 

| an oxidized carbohydrate can react with the carboxylic acid group to yield a lactone. 

Note that a furanose or pyranose can be oxidized directly, a transformation that con- 
verts the hemiacetal to the lactone. 


D-Ribose 0-Ribonic acid 


CHO "соон 


°CHLOH 


CH,OH 
О. 
о 
он он он он 
B-b-Ribofuranose D-Ribonic acid, 


(a y-lactone) 


21.2 Reactions of Carboxylic Acids 


EXERCISE 21.3 


A byproduct of oxidizing 1,4-butanediol in aqueous acid is 4-butanolactone. Propose a 
mechanism for its formation. (Hint: Review alcohol oxidation in Section 11.4d). 


[e] 
к›сг;О, 
NO 
HO КЕМ o 


EXERCISE 21.4 


a-Hydroxy acids react to produce lactides (six-membered ring diesters) rather than 0- 
lactones because of the ring strain that would be created by formation of a three- 
membered ring. Propose a reasonable mechanism for the following transformation: 


21.2с AN Аср CHLORIDE Is READILY PREPARED 
FROM A CARBOXYLIC ACID 


An acid chloride is the most reactive derivative of a carboxylic acid, and the best gen- 
eral method used to prepare one involves heating a carboxylic acid with thionyl chlo- 
ride. You have already encountered this reagent for the conversion of alcohols to.alkyl 
chlorides (Section 7.1c). 

The carbonyl oxygen atom of a carboxylic acid reacts with thionyl chloride, dis- 
placing chloride ion. This first step effectively activates the carbonyl group for chloride 
ion addition in Step 2, which generates a neutral tetrahedral intermediate. 


o 
| I 
:0: o ae dac o^ a 
ы То Ae? dn 
R^ “он c Co? R^ OH / к o^ 
маи 


cl 


The concerted movement of electrons within this compound regenerates the car- 
bonyl group, at the same time producing a molecule each of HCl and SO», both of 
which are gasses. Their loss from the reaction mixture drives the reaction toward for- 
mation of the acid chloride and makes the workup simple. 


о 
| 
97 Da ? 
| E M c + O=S=0O + HC 
АС NUH айыы 
e No” R cl 


The procedure is thus: The carboxylic acid and thionyl chloride (SOClg) are heated 
until gas evolution ceases, and then the excess thionyl chloride is evaporated. The 
Yields are generally very good to excellent. For example, 


COOH а д cocl 
O 5 O + HCl + SO; (> 90%) 
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21.3 THE CHEMISTRY OF ACID CHLORIDES, 
THIOESTERS, AND ANHYDRIDES 


21.3a Аср CuLoRIDES REACT WITH NUCLEOPHILES 
TO FORM OTHER AcID DERIVATIVES 


Having learned how carboxylic acids can react to form esters or acid chlorides, you can 
now consider the reactions of those derivatives. Remember that acid chlorides have the 
most reactive carbonyl group (Section 21.1c), and a variety of nucleophiles will react 
with acid chlorides to form other derivatives. 

If an acid chloride is treated with an alcohol, the oxygen atom of the OH group is 
the nucleophile and reacts at the electrophilic carbonyl carbon atom to form a tetra- 
hedral intermediate. This species expels chloride ion, a good leaving group, to regen- 
erate the C-O double bond. A base such as pyridine is often added to the reaction 
mixture to remove the proton from the original alcohol group. 


о- о у= о 
ROH —— q f соъ H X), l "a 
SM + 
VU “Чу к/а R^ СОЗ R^ DoR ( ) 
Ф d 
н +“, R’ 
Tetrahedral 


intermediate 


EXERCISE 21.5 


Propose a synthesis of tertbutyl pentanoate from pentanoic acid and any other neces- 
sary reagents. Remember that a 3? alcohol cannot be used in the acid-catalyzed esteri- 
fication procedure (Section 21.22). 


———————————————— 


To prepare an amide, an acid chloride is treated with an amine, which functions as 
the nucleophile. Ammonia is used to make a primary amide; a primary amine is used 
to make a secondary amide; and a secondary amine is used to make a tertiary amide. 


:0: :0: о 
| ] Р i 
R^ Nii, NR eae 
h V 
A 1° amide A 2? amide A 3° amide 


The mechanism for the reaction between an acid chloride and an amine begins 
with addition of the amine to the carbonyl group to form a tetrahedral intermediate. 
This species expels chloride ion to regenerate the C=O double bond. Because an 
amine is also a base, a second molecule of amine removes a proton from the charged 
nitrogen atom. 


i T 1 
-c 4 — :NHjR' IN 
R'NH, === SCA ә c H c R'NH; 
“вау RGA G R^ NS) © R^ NHR’ 
NCH н“ | 
H^ **,, 
Tetrahedral 


intermediate 


21.3 The Chemistry of Acid Chlorides, Thioesters, and Anhydrides 


The stoichiometry requires that 2 equiv of the amine be present, one to add to the car- 
bonyl group and one to deprotonate the penultimate product. 


о о 
CH 
СІ 2нмсн;), N^ a + E 
————3À | + (CH;),NH, Cl 
CH; 
(86-89%) 


The Schotten-Baumann procedure uses hydroxide ion as the base. The amine is 
generally more nucleophilic toward the electrophilic carbon atom than hydroxide ion 
itself, so the amine reacts preferentially with the acid chloride. (The Schotten-Bau- 
mann procedure can be used to prepare esters too.) 


о о 


cl NaOH N 
+ d + NaCl + H;O 
N 


| (70-75%) 


Piperidine 
(azacyclohexane) 


EXAMPLE 21.2 


Show how you would prepare the amide illustrated here starting with any organic com- 
pounds that have six or fewer carbon atoms and contain only C, H, N, and/or O. 


An amide is constructed from an amine and an acid chloride, which in turn is 
made from a carboxylic acid. The second step of the synthesis can either make use of 
the amine with aqueous NaOH or an excess of the amine. 


Retrosynthesis 


Нз 


© С 

| | 

N OH N 
ү Б = ү H 


H3 


Synthesis 


Aari SOCI, С 
a NaOH, HO 
о [е] 
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EXERCISE 21.6 


Show how you would prepare the following amides. You may use any organic com. 
pounds that have six or fewer carbons. 


a. b. 


EXERCISE 21.7 


Hydrazine (Section 20.1b) reacts to form the hydrazide derivative of a carboxylic acid, 
How would you prepare CH3CH;CH;2CONHNH;? from butanoic acid? Propose a rea- 
sonable mechanism for its formation. 


21.3b ANHYDRIDES ARE NEARLY AS REACTIVE AS ACID CHLORIDES 


Anhydrides are reactive carboxylic acid derivatives that rival the acid chlorides in their 
| rates of reactions with nucleophiles. Formally, an anhydride can be made by removing 
a molecule of water from 2 equiv of a carboxylic acid (the term anhydride means “with- 
| out the elements of water”). This procedure works well only for certain diacids like 
maleic and phthalic acid, which, when heated to temperatures > 100°C, release water 
and form five- or six-membered ring anhydrides. Chemical dehydrating agents can 
also be used to prepare molecules of this type. 

Like any acid derivative, an anhydride itself reacts by forming a tetrahedral inter- 
mediate, shown in the following reaction with an amine as the nucleophile. The leav- 
ing group of an anhydride is the carboxylate ion. The products are the amide and 1 
equiv of the carboxylic acid that constitutes the anhydride. Notice that an unsymmet 
ric anhydride will have two different reactive sites, so most anhydrides used in reactions 
are symmetrical. 


Oo + om 
| o i 
Hc 54 uz» 2 & нс хоњ 
D d NON 
H^ +3 
R 
Tetrahedral 
intermediate 
[o о 
! 1 — CH;C00 l p Mem ! p RNHs 
vay = + ———3À 
H.c Зо Ch © ње“ NO @ H,C^ NHR 
NON н“ | 
H m R 


An anhydride is about as reactive as an acid chloride, but half of an anhydride’s 
mass is lost as the leaving group, which limits its usefulness, except for low moleculat 
weight ones such as acetic anhydride. Acetic anhydride is prepared on an industr! 

scale from ethylene, carbon monoxide, and methanol, and it is a common reagent for 
making acetate and acetamide derivatives from alcohols and amines, respectively. (This 
reaction has been mentioned twice before in that context; see Sections 17.3с and 


17.3e.) 


21.3 The Chemistry of Acid Chlorides, Thioesters, and Anhydrides 


[EXERCISE 21.8 


Propose a mechanism for the following reaction, which is used to make aspirin: 


OH 
CH,COOCOCH, Ын 
а o + CH,COOH 
COOH 


COOH 


Salicyclic acid Acetylsalicyclic acid 
(aspirin) 


21.3c A THIOESTER IS THE BIOCHEMICAL COUNTERPART 
OF AN ACID CHLORIDE 


In living organisms, esters are often made from the reaction between alcohols and 
thioesters, which are reactive carboxylic acid derivatives (Section 21.14). Acid chlorides 
and anhydrides would react indiscriminately with the many nucleophilic sites that are 
present in proteins and nucleic acids, as well as in other substances, but thioesters dis- 
play a practical balance between reactivity and stability. 

Acetyl coenzyme A is the most common thioester in living systems, and it functions 
to transfer the acetyl group during the course of several important metabolic processes. 


о 
l 

CoA 

НС “54 


Acetyl Coenzyme А 
(СНСО — SCoA) 


Coenzyme A (abbreviated CoA-SH) is the thiol that makes up thioester derivatives in 
biochemical systems. 


NH, 


Coenzyme A 
(CoA-SH) 


A specific example of ester formation is the coupling between a fatty acid—an 


aliphatic carboxylic acid that has between 14 and 20 carbon atoms—and dihydroxy- 
acetone phosphate. 


о о 
MC-(cH),—cooH + Ho. Д. opo} —> CHCH) O Д. „оро; 
Y 
о 
A fatty acid Dihydroxyacetone A fatty acid ester 


phosphate 


Lik : E i ч 
_ «€ most biochemical reactions, this one requires an enzyme catalyst. More important 


ig n * А 
the fact that the carboxylic acid component reacts as its CoA thioester derivative. The 
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transformation illustrated below constitutes an important aep шш cap of 
phospholipids, one of the principal components of cell membran Я 


SHE deos 
C 
о 


oA 


An acyl Coenzyme A derivative 


ive si i the proton of the alcohol OH group 
e active site provides a base to remove c | 
as it Mid he carbonyl 7 of the thioester and forms a tetrahedral intermediate. 


Active site of the enzyme 
dihydroxyacetone phosphate 
2 acyltransferase 
A, aan 
GA ^4 
1 = О: 
| a 
| d ME = 
Be б 
| c=0 
3 


| - 
& CH,O—PO,? 
~ 


rmn 


rds E 


Tetrahedral intermediate 


i 
Dihydroxyacetone fatty acy 
Y hosphate coenzyme A 


Formation of the tetrahedral intermediate is followed by d eae a ra 
о cue and expulsion of the thiolate ion derivative of CoA as the leaving group, 
which yields the ester. 


1 i duce diacyl 
This ester product can undergo subsequent transformations either to pro 


ini Е Jycerol, 
glycerol phosphate, a precursor of phospholipids, or to form the triester of gly 
commonly known as fat. 


cg A aM— 


EXERCISE 21.9 


а . : don your 
In the laboratory, thioesters are prepared from aaa ioni ты ее "e. 
f ester formation, propose a reasonable mec à | a 
Co eee CH3COSCH3CH$CH;, from acetyl chloride and 1-propane 


propi ясе, CHGCOSCHCERCHS from ae chloride and рор, 


21.4 The Chemistry of Esters 
21.4 THE CHEMISTRY OF ESTERS 


21.4a DIAZOMETHANE CONVERTS A CARBOXYLIC ACID 
TO THE CORRESPONDING METHYL ESTER 


You have already learned two ways to make esters: direct esterification of a carboxylic 
acid (Section 21.2a) and the reaction between an acid chloride and an alcohol (Section 
21.92). A third method makes use of diazomethane, a reactive compound with a 
strongly nucleophilic carbon atom. Resonance structures show why: The carbon atom in 


one form bears an electron pair and a negative charge, so it can act as either a base or a nu- 
cleophile. 


+ г a $ 
H,C—N-N > H,C—N=SN: 


Diazomethane 


When treated with a carboxylic acid, diazoemethane removes the acid proton, 
which produces a carboxylate ion and the methyldiazonium ion. This cation is a potent 
alkylating agent because its methyl group is bonded to an excellent leaving group, №. 
The carboxylate ion participates as a nucleophile in an Sy2 reaction (Section 6.3) on 
the highly reactive methyldiazonium ion, and the product is the methyl ester derivative. 


:O: 
| nA ЄС CR + 
®—С—О—Н + H,C—N==N: 


- + ll, xe 
> R—~C—O + H;C—N=N: —> R—C—Ó—CH, + N 
© 44 3 [u^ © A 3 2 


This transformation is one of the best for making methyl esters, especially with 
small samples. Yields are close to quantitative and the only byproduct is gaseous mole- 


cular nitrogen. On larger scales, the problem of generating sizable quantities of the po- 
tentially explosive diazomethane limits its utility. 


21.4b Esters ARE READILY CONVERTED TO AMIDES 


On the reactivity scale of carboxylic acid derivatives (Section 21.1d), esters lie between 
acid chlorides and amides with respect to the rate of their addition-elimination reac- 
tions. Therefore, the conversion of esters to amides is favorable. 

Unlike the transformation of an acid chloride to an amide, no base is needed 
when an ester is used as one of the starting materials. In this situation, the tetrahedral 
intermediate is formed in the usual way by nucleophilic addition of the amine nitrogen 
atom to the carbonyl group. The departing alkoxide group subsequently removes the 


Proton from the nitrogen atom, producing a molecule each of the alcohol and of the 
amide. 


q i 
C +/ RH, === Css 
нс осн, + ie ^ "och 
NH 


R 
H^*N 
R' 


Tetrahedral intermediate 


D. о 

| CN | н + Зӧбен l + | CHOH 
n V + E ——3À 
BO @ wc 5 7 * з H^ NHR’ 3 
EU н“ | 
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Addition-Elimination Reactions of Carboxylic Acids and Derivatives 


21.4c ESTERS UNDERGO Hyprotysis UNDER AcibIC CONDITIONS 
TO FORM CARBOXYLIC ACIDS 


The addition-elimination reaction that esters undergo with water is called hydrolysis, 
Addition of an aqueous solution of a mineral acid to an ester leads to protonation of 
the carbonyl oxygen atom and formation of a cation intermediate. When water is pre- 
sent, this charged intermediate is trapped to produce a gem-diol after deprotonation in 
Step 3. 


Be d чо, НО och, / Mo, Y ай 
c c / Е P 
© R^ “осн @ R^ NSH © R^ Now 
/ 
H А gem-diol 


At this stage, protonation can occur on the oxygen atom of the OCHs group to gener- 
ate a good leaving group. Displacement of R Occurs as a proton is removed anda 
С=О double bond is formed. The products comprise a molecule each of a carboxylic 
acid and an alcohol (methanol in this example). 


њо Dang ——À С + CHOH + њо? 
à R^ NOH © R^ “он 


EXERCISE 21.10 
Write the steps in the mechanism for the acid-catalyzed hydrolysis of phenyl propanoate, 


The mechanism of ester hydrolysis comprises the same steps, in reverse order, a 
those in acid-catalyzed esterification (Section 21.22). Because each step can go e i 
ther direction—that is, all of the steps are equilibria—the reaction conditions are cho- 
sen to optimize formation of the desired product. 


* To prepare an ester from a carboxylic acid and alcohol, a dehydrating agent 
(e.g., molecular sieves) is added, or the solution is heated to remove water. 


ic aci i i ent 
* To hydrolyze an ester to a carboxylic acid, water is present in excess. А соѕоЇм 
such as alcohol is often added to ensure that the reactants are soluble. 


21.4d Esters UNDERGO HyproLYSIS UNDER BASIC CONDITIONS, 
A PROCESS CALLED SAPONIFICATION 


Even though esters are readily hydrolyzed under acidic conditions, aqueou ре E. 
be used as well. The hydrolysis of an ester in base is called saponification. ipi rola 
other fats that occur in Nature are di- and triesters of glycerol. Fats undergo hy ОЛЕ 
reactions with base according to the mechanism outlined below. The term e E 
cation" originated for the process used in the manufacture of soap, which was wie E 
ried out by cooking animal fat with potassium or sodium hydroxide to produce 

of the long-chain fatty acids by hydrolysis. 
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[*] 
О”  "(CHj,CH; OH 
HICH о о. ун Р зк ос нњ А HO. on 
A triacylglycerol molecule (fat) Soap Glycerol 


In saponification, the nucleophilic hydroxide ion is naturally attracted to the elec- 
trophilic carbon atom of the carbonyl group. The tetrahedral intermediate, which is 
produced in Step 1, subsequently collapses in the second step to regenerate the C=O 
double bond by displacing the leaving group, R’O™. Because this leaving group is a 
strong base, assistance is provided by the aqueous solvent, which can transfer a proton 
to the base as it leaves. Finally, an acid-base reaction takes place. 


О - 10:7 о 
q m Cj Pond. i 


— о 
+ Он” + CHOH ——3 1 + но 
С Loca [e 3 = Č 2 
R^ “осн, © R^ ^ OCH; © R^ "OH G в ^о 
он 
Notice that VOD reactions conducted under basic conditions require use of a full 
equivalent of OH-. 


The mixture usually has to be heated for several hours, and an al- 
cohol cosolvent is sometimes employed to keep all of the reactants dissolved. To obtain 
the carboxylic acid itself, aqueous acid is added during workup. 


9 о 

I 1.OH7, A | 

С—ОСН, ә C—OH + CHOH 
= Ha 


CH; сн, 
1. KOH, H20, EtOH, А 


CHs(CHa)e “соосн, 2.5 N H;S0, 


| 
c CH,(CH,) c (68-83%) 
Z "Noon 


Lr 


EXERCISE 21.11 


Propose a reasonable mechanism for the following reaction, hydrolysis of a lactone: 


o 
1. NaOH, H20, EtOH, A COOH 
XY 24,0" О ИЛИИ 


21.4е TRANSESTERIFICATION CONVERTS ONE ESTER TO ANOTHER 


Esters can undergo reactions with alcohols in the Same way that they do with water. The 
Procedure does not yield a carboxylic acid; instead, it results in exchange of the alco- 

ol groups, a process called transesterification. With an acid catalyst—HCl in the fol- 
lowing €xample—the mechanism follows the common steps shown previously, which 


Iesults in exchange of RO for CH30. 
1. The carbonyl group is protonated to activate it. 

2. The alcohol molecule intercepts the cation intermediate. 
3. A hydroxyacetal intermediate is formed by deprotonation. 
4. The methoxy group is protonated, 
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5. Elimination of methanol accompanies regeneration of the carbonyl group. 


+ pv i 
на c ROH HO OCH: Окы но OCHs 
—— === КУ = хы + R 
pc © ps { © ps R'OH;* 
© косы; R NSh R^ Nop’ 
P 
К Hydroxyacetal 
/ 
ES We я 
\ А zl Y. 
R'OHz* 9 gem N 1 
———À Ne + R'OH —— c + снн + АОН; 
@ R^ N © к Сок 


EXAMPLE 21.3 


Show the steps in the mechanism for transesterification of the following hydroxy ester 
to form the corresponding lactone. The reaction is catalyzed by a trace of H9S0,. 


+ снн 


In any mechanism of areaction between a carboxylic acid derivative and sulfuric acid, the 
first step is protonation of the carbonyl group, which serves to activate it. The alcohol oxy- 
gen atom on the carbon atom is the nucleophile in the second step, and it reacts with 
this first-formed cation. Deprotonation yields the neutral hydroxy intermediate. 


Next, the alkoxy group is protonated and solvent (methanol) removes the proton from 
the OH group to regenerate the carbonyl group and to displace a molecule of methanol. 


H 
+s 
н,со OH ` E HOT HN 
à Н,50, i CH;OH 
==== = о + сњон 
(©) © 


EXERCISE 21.12 


Transesterification can also occur under basic conditions. Propose a reasonable mech- 
anism for the following reaction: 


О 
| 


PhCH;O 


„~n Nn COOCH; PhCH,OH, А ee) 


asm nent nm tla 


+ CH,0H 


21.5 The Chemistry of Amides 


21.5 THE CHEMISTRY OF AMIDES 


21.5a AMIDES ARE HYDROLYZED SLOWLY 


Amides, being the least reactive of the carboxylic acid derivati i 
conversion reactions, but they can be hydrolyzed to form xm db uid э ш, 
Under basic conditions, hydroxide ion adds to the carbonyl group and dane a med 
hedral intermediate in the usual way. Regeneration of the carbonyl group displaces the 
strongly basic amide ion, a process that is assisted by removing a proton from water as 
itleaves. The hydroxide ion reacts with the carboxylic acid in a final acid-base step; th 
carboxylic acid itself can be obtained with acid workup. ave 


о :бї 


q <= Q зе ? i am 
R Sn, © кемнен, © ко te SCH NEE oa 
OH 


Hydrolysis of an amide is ha often done under acidic conditions, which circumvents 
the problem with having a strongly basic leaving group. Protonation of the amide car- 
bonyl group leads-tó addition of water across the C=O double bond and formation of 


a gem-diol intermediate. In the subsequent si i 
. teps, Ше amino i 
form a decent leaving group. Р >. 


:9:—— —— ӧн 
| H30* qu uc os Ho. NHCHs H20 a NHCH; 
ES won, © к © ps j C 
3 NHCH; R^ wt (8) R^ V 


Q-H 
i OH 
gem-Diol 
H 
но ui 
| HC ig HO GNHCH, 
С >F х HO == | 
PA С ә к _—== +  CH3NH 
^ 
M Non © R Sud QR on bd 
CHNH, + HOt =, снн, + но 


© 


Nor wa drives the reaction to completion is a final acid-base reaction between 

MM e Ac (methylamine in this example) and aqueous acid to form an am- 

OW n a is no longer nucleophilic. The following equation shows the overall 

MAR at takes place between an amide and aqueous sulfuric acid to form the car- 
Xylic acid product and ammonium hydrogen sulfate. 


CH,CH, ë 
N A,2h e +  *NH, HSO,7 


C—NH 
/ 2 C—OH 
d d 
(88-90%) 
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EXERCISE 21.13 


Propose a reasonable mechanism for the acid-catalyzed hydrolysis of the following lac. 
tam (cyclic amide): 


CY ie. 

о ——— 
НО, А 

NH 


21.5b THe ENZYME-CATALYZED HYDROLYSIS OF PEPTIDE BONDS 
(Аміре Groups) Is FACILITATED BY STABILIZATION 
OF THE TETRAHEDRAL INTERMEDIATE 


The hydrolysis of proteins provides one of the chief sources of energy for animals. En- 
zymes that digest proteins have evolved an active site structure that accelerates the rate 
of this reaction, which is amide hydrolysis, by many orders of magnitude compared 
with the rate of reaction in solution, even with acid or base. Considering that amides 
are the least reactive of the acid derivatives, whatever process catalyzes their hydrolysis 
in Nature clearly has important lessons for us to design catalysts to carry out such trans- 
formations in the laboratory. 

Let us look at the process catalyzed by the enzyme chymotrypsin, the prototype of a 
large number of enzymes called serine proteases. This name derives from the fact that 
the enzyme catalyzes the cleavage of protein peptide bonds, and it accomplishes this 
transformation by making use of the serine side chain as a nucleophile. We can portray 
the chymotrypsin active site with the drawing in Figure 21.2. The most important features 
are listed below. 


я 
HN, к ^7 cooH 


NH Scissile bond 
(Hiss) 9 H 
xd о ү \ 
CEN TIA ue hc? 
— | 194 э=сй E 
aot P H NH A CH H 
S e Ny 
70 1 „1 3 WA © О N 
(Asp 103) AR N C-terminus Ry 
Е s E І 
Protein to О a (x) Е 
be hydrolyzed R N-terminus 
2 One С=О and two N-H groups from 
Enzyme the amide linkages of the enzyme Substrate 
polypeptide stabilize the transition 
state of the hydrolysis reaction. 
Figure 21.2 


A diagram of the active site of chymotrypsin, showing some important structural features, and 
the structure of a general substrate molecule. 


1. A group of three amino acids [with their positions from the N-terminus given aS 
subscripts, Aspio2, His57, and Serj95] define what is called the catalytic triad. The 
side chains of these amino acids create a nucleophilic region that ultimately cleaves 

the amide C-N bond. The bond in the substrate that is broken has a special name. 


the scissile bond. i 
2. A pocket, created by the folding of the enzyme backbone, will bind опе of the ааа 

chains of ће protein substrate (shown as Ry in Fig. 21.2). This pocket has spec 

cally developed to bind the hydrophobic, aryl side chains of phenylalanine, 
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tophan, and tyrosine. The scissile bond, therefore, is the amide bond between the 
carboxy group of an aromatic amino acid and the amine group of the next residue 


$. Three parts of the polypeptide backbone (shown within the gray patch in Fi 
21.2)—a peptide carbonyl group of Glyj93, the amide NH group of Glyj93, and the 
amide NH group of Serjg;—can form strong hydrogen bonds during the coore of 
the reaction. These hydrogen bonds stabilize the transition state of the reaction and account 
for most of the acceleration of the reaction rate. И 


The first step of the reaction is formation of the е 
1 orm nzyme-substrate complex, shown 
below, which results mainly from binding the large side chain of the nine (R3) 
Most of the stabilizing influences for this binding are London forces Section 2.82). | 


om NH 
(5) o Q 
ps Vm PS 
a Qm Gea 
o re... HN, N Hrs H \ 
4 о " H H 
+— M 
Сери RN. 42 Lt 
Wa Be E. 
cH S О“ (Суз) 
CH = 
(0) / а 
eae 
Enzyme-substrate O” "CH—-(N) 


complex d 


Once formed, the enzyme-substrate complex begins to undergo reaction as a re- 
sult of nucleophilic addition of a serine alkoxide ion to the carbonyl group, resultin 
in formation of a tetrahedral intermediate. The movement of electrons aswell as the 
formation of the stabilizing hydrogen bonds, can be represented as follows: Ё 


Ry 
jr Tetrahedral intermediate formation 
(the transition state) 


| ЖШ с —-——X——ÀM 
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The tetrahedral anionic intermediate is stabilized by hydrogen bonds ин the 
N-H amide groups of Seros and Сіуџоз. Histidine (57) removes e. роон des 2 
OH group of Serjgs to generate the nucleophile. Aspartic acid п ), ш E ag ош te 
form, is important for keeping the histidine side chain oriented so that its nitrogen 
atom is able to accept the proton from the serine OH group. One other interaction sta 
bilizes the transition state: The C=O unit of Gly193, which is part of the етуше 
polypeptide backbone, forms а new hydrogen bond with the N-H group : : e ah 
strate polypeptide, one residue toward the N-terminus away from : e ae е bond. It 
is important that the carbonyl group at the scissile bond in the sul on is not in- 
teract appreciably with the enzyme active site residues until the tetrahe $ inteme 
ate forms. This selective interaction ensures that the transition state is stabilized, not the 

rate itself. 

Me ne once formed, will subsequently regenerate the car- 
bonyl group, expelling the leaving group (the polypeptide bearing es new ило ter- 
minus) according to the mechanism that you are already familiar with. PRA rfrom 
the previous discussion that one of the problems with base hydrolysis of an ami E in so- 
lution is that the amide ion is a strong base. The enzyme circumvents this о lem by 
transferring a proton from His; to the amine as it leaves. This proton origina у сате 
from the serine side chain. Notice the efficiency of this process: The histidine тег ш ге- 
moved the proton to assist the serine alcohol group to become more nucleophi = now 
it uses the proton as an acidic center to assist the amine to become a ees me 
group. The fact that histidine can serve as both an acid (in its protonated orm) and as 
a base near pH 7 accounts for its involvement at the active site in many enzymes. 


NH 
(Hiss) о ou 
Geria i 194 
seess НМ. „№ H \ 
WF d H 


Polypeptide bearing. 
the new amino terminus 


Breaking the scissile bond 


At this stage, the substrate peptide has been cleaved, and the portion min bee 
N-terminus dissociates from the enzyme active site. The portion that will e s ORE 
new C-terminus is still attached covalently to the serine residue in the active si -— 
ously, if this bond is not broken, the enzyme is "dead and cannot function pat ME 
In protein digestion, though, the reaction continues, A molecule of m is ee i 
tive site in place of the portion of the polypeptide chain that was с ead he. 
residue now acts as a base once again and creates hydroxide ion, which a: 
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bonyl group. A tetrahedral intermediate is formed once more, which is stabilized by the 
same portions of the active site. 


его) 
a | 
\ Se 
C 
/ “№ 
R A water molecule reacts to form a new 
0 ar tetrahedral intermediate. 


О ү 
R 


Finally, the intermediate collapses to generate the carbonyl group, expelling the 
oxygen atom of the serine side chain, which, in turn, takes back a proton from the his- 
tidine residue. The product of this reaction is the carboxylic acid that constitutes the 
new C-terminus of the cleaved substrate polypeptide. After the polypeptide dissociates 


from the active site (not shown in the following scheme), the enzyme is free to bind the 
next molecule of substrate. 


H E" o 
(91555 
+ e 
i = (бег) -N 194 
TO s.s.. HN, ZN: нё H k. 
о H- £ 
Ax 2 АЕ 
H T OF (Су, оз 
CH H 
/ “у 
ar 
(ө) few 


Serine (195) is restored to its starting form, 
and the cleaved protein product is released. 
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EXERCISE 21.14 


Some important details about the mechanism of action for chymotrypsin were eluci- 
dated by studying the hydrolysis reaction of pnitrophenyl acetate. One of the products 
is pnitrophenol, which is acidic enough that is ionizes in solution to form a highly col- 
ored anion. Trace steps for hydrolysis of this substrate by chymotrypsin. 


МЕ Ch! i O 
Ж 


21.6 THE CHEMISTRY OF NITRILES 


You can easily see that an ester is a derivative of a carboxylic acid because each has a car- 
attached to an oxygen-containing group (OH and OR, respectively). What 
is not so apparent is the relationship between a nitrile and a carboxylic acid. Like all 
acid derivatives, however, a nitrile is susceptible to both acid and base hydrolysis. These 
reactions differ from those of ester hydrolysis because a nitrile lacks a carbonyl group. 
The relationship of a nitrile to a carboxylic acid is like that of an imine to a ketone. 
In aqueous acid, protonation ofa nitrile group occurs at the nucleophilic nitrogen 
atom. Water reacts with this cation, forming a hydroxy imine after deprotonation. The 
hydroxy imine then undergoes two proton-transfer reactions that convert it to an 
amide. The mechanism for hydrolysis from there on follows that described for amides 


(Section 21.5a). 


bonyl group 


we ш Ua S 
— «2 к-сі H ^ u^ ©%ин z0 RS ^ "a 
A hydroxy imine 
о . oy | 
be E = A + Ho 
NH @ комн Q R Nh 


Under basic conditions, hydroxide ion adds to the C=N triple bond of a nitrile by 
reaction at the electrophilic carbon atom. The negatively charged nitrogen atom is 
then protonated by the aqueous environment, generating the hydroxy imine. Subse 
quent proton-transfer reactions convert the hydroxy imine to the amide, which can be 
further hydrolyzed to the carboxylic acid and amine. 


Н = 
өн 8 N ў T 
Sos H20 on = 
== = Ке == жс. — RL == ^w 
Oo RASĂ о к Ow @ к Kc @ M OM 


A hydroxy imine 


e of water 10 


In both the acid- and base-catalyzed routes, a nitrile adds one molecul 
mide might 


form an amide. It would seem, therefore, that dehydration of a primary а! 


21.7 Reactions with Organometallic Compounds 


yield a nitrile. Indeed, heating an amide with P4O i 
ee ^ l 4010, a dehydrati i 
nitrile, demonstrating the ready interconversion between He ce жик ded 


derivatives. 
(е) H 
ОЧА ome 
«€ CEN (65%) 


em na a pik can also be prepared by the Sy2 reaction of cyanide ion with an 
yl halide (Table 6.2) and by dehydration of an oxime prepared fr l 
(Section 20.1d). iA dd 


= NaCN a 
R—Br —= > | R—CN R= Jowi,  R—CN 
H 


[EXERCISE 21.15 


Ап wi Cl in methanol f a ster as its НСІ salt. Propose 
itrile reacts with Н! e nol to form an imidate e: р 

B Е 
а reasonable mechanism for the following transformation 


" 
NH, 
Hel 4 
Rs = 
CN CHOR ip [e] 
OCH; 


An imidate ester 


лт 


21.7 REACTIONS WITH ORGANOMETALLIC COMPOUNDS 


21.7a Аср CHLORIDES CAN BE CONVERTED TO KETONES 


В г 
en "mie groups, acid derivatives can be used to form carbon-car- 
ition reactions of organometallic reagents. О: i 
organolithium, and organocu Е ose by aie 
à prate reagents all react with the carbonyl 
same general two-step process iliar wi o es 
you have become familiar with in thi р iti 
5 tw a n this chapter: Add 
of the nucleophile is followed by the expulsion of the leaving group to regenerate the carbonil ay 


A new wrinkle appears in these reactions, however: 7 he ranometallic compound can also 
org 
tact with the product, which has a carbonyl group (Table 15.1). 


E R 
4 IRT м 8 
ZU FCU > i 
R Sf 
N R © R \ ®© ^ м 
о Р 
rganocuprate complexes (Section 15.3a) are unreactive toward ketones, so Step 


3 above O! ot Oo ог! O! es react o; e О: eactive 
4 es n есш. In fact, gan cuprat 5 rea nly with the most reacti 
carboxylic acid derivatives, so they аге particularly useful for the conversion of acid 
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chlorides to ketones. It you think of an organocuprate reagent as the source of a nu. 
cleophilic alkyl group, then addition to the carbonyl group of an acid chloride followeq 
by elimination of chloride ion as the leaving group yields a ketone. 


C oer ja 
Ua + ayer Ut э CH, + Cu(CHs) 
1) 
"m а 


Or Lit 


рУ ТЯ — 
Ка “~ 6 


This reaction gives good yields of product, even when the organocuprate reagent has 
hindered alk і groups. The following example shows the use of a mixed cuprate, a 
reagent with a heteroatom-containing group that is not transferred. The tert-butyl 
group readily replaces the chlorine atom of benzoyl chloride in the following example: 


о о 
CH 
cl S ECT 
+ [(CHj,C—Cu—sPh] Lit —> | “сн; (84-87%) 
CH; 


in this mixed cuprate, the alkyl 
group is transferred in 
preference to the PhS group. 


Even though organocuprates are the preferred reagents for making ketones, acid 
chlorides can react with Grignard reagents to form ketones under suitable conditions. 
To maximize formation of the ketone product, the reaction is conducted at low tem- 
perature to magnify reaction rate differences. Ketones are less reactive than acid chlo- 
rides toward nucleophilic addition. 


о o 
— 30°C 
pM + УУ “мав 02% 


EXERCISE 21.16 


Show how you would prepare the following compounds. You may use any carboxylic acid 
precursor, any organometallic reagent, and any other inorganic reagents or solvents. 


21.7b Amipes CAN BE CONVERTED TO ALDEHYDES AND KETONES 


In spite of its overall low reactivity toward addition, an amide can be used to prepare 2 
ketone or aldehyde because the tetrahedral intermediate also decomposes slowly. Only 
a tertiary amide can be used with a strongly basic organometallic compound, however. 
A primary or secondary amide has at least one proton attached to the nitrogen atom, 
and each can react as an acid in acid-base reactions (Section 22.1b). 


21.7 Reactions with Organometallic Compounds 


A procedure to prepare aldehydes makes use of th 
reagent and DMF. Addition to the carbonyl group in t 
hedral intermediate. The amino group is not elimin: 
strong base, and the solvent (THF) has no protons to 


€ reaction between a Grignard 
he first step generates the tetra- 
ated readily because it is such a 
assist loss of the amine. 


*MgBr 


H 


When aqueous acid is added foy'workup, a hemiaminal is formed and any excess Grig- 
nard reagent that might still be present is destroyed. The unstable hemiaminal (Sec- 
tion 20.1a) decomposes y an aldehyde and dimethylamine as products. 


*MgBr H-a O—H 
Desks. 9) н! 
| ~ho P4 


,, 
Mn, ——À "| ———— 

HOY NOCH @ u^ A мсн) Ө u Enp + OPNOR). + но 
R R 


Hemiaminal 
(unstable) 


E. p other than formamide derivatives will yield ketones when treated with a 
rignard reagent followed by aqueous acid workup. The followi ise i 
ample of this transformation Р i cQ d 


[EXERCISE 21.17 


Propose a mechanism for the following reaction that illustrates the synthesis of a ke- 
tone from a tertiary amide and a Grignard reagent: 


О 


N(CH;); 1. CHCH;CHMgBr CH;CH;CH; 
aes 
2.H,0* 


21.7с ESTERS REACT WITH ORGANOMETALLIC COMPOUNDS 
TO FORM ALCOHOLS 


Еа апа ketones can be made from the most and least reactive carboxylic acid de- 
A es, namely, acid chlorides and amides, respectively. When an ester reacts with 
оше compounds, however, an alcohol is usually formed. The product is a ter- 
ty роња! with at least two groups alike. (Formate esters produce secondary alcohols.) 
a © RT to the carbonyl group of an ester in the first step forms the tetra- 
en erme iate. The alkoxy group (methoxy in this example) is eliminated be- 
even though it is a strong base, magnesium ions have a relatively high affinity for 
Oxyanions, which moderates their basicity properties somewhat. 


+ 
Au. MgBr 
О: = 
q | б] ? 
EC. R'--MgBr LA l 
R Doch, E d R^ X OCH, EM Е Epe + — BrMg* TOCH; 
R 


E V^ CH), TUUM ore. + BrMg* ~ N(CH)» 


Strong base 


727 


728 


CHAPTER 21 Addition-Elimination Reactions of Carboxylic Acids and Derivatives 


As the concentration of the ketone increases, it competes with the ester for the 
organometallic reagent that has not yet reacted. Because ketones undergo nucle- 
ophilic addition faster than esters, any unreacted Grignard reagent will react prefer- 
entially with the ketone. To ensure that the ester reacts completely, at least 2 equiv 
of the organometallic compound are normally supplied to the reaction mixture, and 
the product, after aqueous acid workup, is a tertiary alcohol with at least two groups 
alike. 


{ )—«оосңин, wee Or + CH;CH,OH (89-93%) 
s V 
3 


If a formate ester is used, then a 2? alcohol is formed. For example, 


H OH 
i EXIT EN Xt + CHCHOH- 
; 
H^ "OCH,CH; ‚зо CH,CH,CH;  CH;CH;CH; 


Ethyl formate 


€ M ——————— 


EXERCISE 21.18 


Using curved arrows to depict the movement of electrons, show the steps in the mech- 
anism of the preceding reaction between ethyl formate and propylmagnesium bromide. 


EXERCISE 21.19 


What is the expected product of the following reaction? 


1. CH3MgBr (XS) 
———————9 ? 57% 
ыша DP (57%) 


21.8 REDUCTION REACTIONS OF CARBOXYLIC 
ACIDS AND DERIVATIVES 


21.8a LITHIUM ALUMINUM HYDRIDE CONVERTS ESTERS 
OR Асірѕ TO 1° ALCOHOLS 

All of the carboxylic acid derivatives described in this chapter can be converted oe 
to alcohols or amines by addition of hydride ion to the carbonyl group. pt m 
minum hydride in ether or THF is the most commonly used reagent for these redu ; 
tion reactions. The mechanism for reduction of an acid chloride, anhydride, оса E 
thioester proceeds by hydride ion addition to form a tetrahedral intermediat E 
lowed by expulsion of the leaving group with concomitant regeneration of the carbon} 


group. 


ie г 
0 ндн, ut 
—C—X : > 


X «CI, OR, OCOR, SR 


21.8 Reduction Reactions of Carboxylic Acids and Derivatives 


Under these conditions, the resulting aldehyde is also reduced by LiAIH,, yielding the 
alcohol after aqueous workup, as you saw in Section 18.3a. 


sx H 
| ШАІН, 
C—H 


C—H 


1 
но“ 

* E H work-up Bi | 

H H 


Sodium borohydride is not potent enough to reduce the carbonyl group of an ester. It 
is therefore used to reduce an aldehyde or ketone group in the presence of an ester or 
carboxylic acid group. 


COOEt COOEt 


NaBH,, EtOH Co 
— 
О HO 


Carboxylic acids themselves are reduced with LiAIH, to the corresponding alcohol, 
but the mechanism is different from that for reduction of carboxylic acid derivatives be- 
cause a natural leaving group is not present. The first step of the reaction between a car- 
boxylic acid and LiAIH, generates a carboxylate ion by an acid-base reaction. 


He] :0: 
| fw; ua | 


al "T 
C—O—-H нан? с—О: Li^ + H + AIH; 


© 


The lithium salt ofa carboxylate ion retains substantial C=O double-bond character, 
so hydride ion is able to add in a second step. The aluminum atom, rather than a 
lithium ion, bonds with the second oxygen atom, making a good leaving group, НәА1-О 
(this is the conjugate base of Н5АІ-ОН, which is expected to be a fairly strong acid). 


"AH 
у фе 

m H—AIH, д 
——С—0:7 Li* Е чы Eu Li* 


Elimination occurs to produce an aldehyde. Reduction continues, giving the alcohol 
after hydrolysis. 


NL 
eC 
Ja, Е " 
T—C-—QS Li —— —С=0 + H,AI—-O:^ 
© | 


21.8b LITHIUM ALUMINUM HYDRIDE CONVERTS AMIDES TO AMINES 


Because an amide contains both nitrogen and oxygen atoms, it might eliminate either 
heteroatom. While this is possible, an amide is usually reduced to form an amine, with 
Complete removal of the oxygen atom from the product. The mechanism of reduction 
by LiAIH, is similar to that shown for a carboxylic acid, which includes complexation 
Of the oxygen atom by aluminum and reductive cleavage of the carbon-oxygen bond. 
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The first step is an acid-base reaction, which is followed by addition of hydride ion 
to the carbonyl group. An amide is relatively acidic, compared with most nitrogen- 
containing substances (see Table 5.1). 


НӨН 
ОЕТ" 
от. н-Ањ Ut 


d 
С —C—N: Lit + H + AIH; 
@ | 


Once the aluminoxy group has been formed, elimination occurs to give the unsubsti- 
tuted imine. This species is reduced by hydride ion to the conjugate base of the amine 


(Section 20.2a). 
.. AIH, 
ceo 34. H 
“S|. {% а - C. ндн, ut M NN". 
CoN: Li* > —C=NH + н;А!—О:7 C==NH ———> —C—NH Li* + AIH; 
|] @ | | @ | 
нон H H 


Protonation during acid workup gives the final product of reduction, the amine. 


| a, HOH, 
i NH Li > 


NH, + но + Lit 


Ir—0—rI 


Even though a tertiary amide does not undergo an acid-base reaction in the first step, 
it nevertheless generates an amine as the product from reduction by ШАІНЏ, presum- 
ably by forming a similar type of aluminoxy intermediate. 


CH 
" d 3 
N 1. LiAIH;, ether N 
| ZHd Ho ^ og | (88%) 
CH; 3. OHT CH; 


21.8c Аср CHLORIDES CAN BE CONVERTED TO ALDEHYDES 


just as the addition of an organometallic compound to a carboxylic acid derivative 
can be stopped at the ketone stage, an aldehyde can be isolated if reduction of an acid 
chloride is carried out using a reagent that does notalso react rapidly with the aldehyde 
carbonyl group. One reagent used for this transformation is lithium tri (tert-butoxy) 
aluminum hydride, in which the hydride ion is hindered by the presence of the tert 
butoxy groups. The reagent is prepared by carefully treating LiAIH, with tert-butyl al- 
cohol. When an acid chloride is treated with this reagent at low temperature. the 
aldehyde can be isolated in reasonable yields. 


[e] о 
cl Li rato} H 
——————À35 


THF, — 78*C 


OCH; OCH; 
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Section 21.1 General aspects of structure and reactivity 

* The names of esters have an unnumbered prefix to identify the R group at- 
tached to the oxygen atom of the COOR unit. Substitution on the nitrogen 
atom of amides is designated by an italicized uppercase №. 

* The acyl group is the general unit of a carboxylic acid formed by removing 
the OH group. Derivatives of carboxylic acids have different heteroatom- 
containing groups attached to the acyl fragment. 

* Anionic nucleophiles add to the carbonyl group of carboxylic acid derivatives to 
form intermediates in which the oxygen atom has a negative charge and the car- 
bon atom is tetrahedral. Thiy etrabedral intermediate expels a leaving group 
to regenerate the C=O double bond. This two-step process constitutes an 
addition-elimination mechanism. 

* Relative reaction rates for carboxylic acid derivatives are influenced by the ba- 
sicity of the heteroatom-containing substituent. 

* The order of reactivity toward addition-elimination is acid chloride > anhydride 
> thioester > ester > amide > carboxylic acid. 


Section 21.2 Reactions of carboxylic acids 


* A carboxylic acid does not readily undergo addition-elimination reactions 
because the proton is the most electrophilic atom of the COOH group. There- 
fore, carboxylic acids normally participate in acid-base reactions. 


* Anester can be made by treating a mixture of a carboxylic acid and alcohol with 
strong acid. This procedure is called esterification. 


* Acarboxylic acid that has a hydroxy group four or five carbons atoms away from 
the COOH group readily forms a cyclic ester called a lactone. 


* As with any hydroxy acid, the aldonic and aldaric acids (oxidized monosaccha- 
rides) form lactone derivatives. 


* An acid chloride is prepared by heating a carboxylic acid with thionyl chloride. 


Section 21.3 The chemistry of acid chlorides, thioesters, and anhydrides 


* Acid chlorides react readily with nucleophiles to form other carboxylic acid de- 
rivatives. Addition-elimination is facile because chloride ion is a good leaving 
group. 

* Anhydrides are made by dehydrating carboxylic acids, either by heating or with 
other reagents. Reactions of anhydrides are analogous to those of acid chlorides. 


* In living systems, a thioester is the functional equivalent of an acid chloride. The 
most common thioesters are derivatives of coenzyme A (CoA). 


Section 21.4 The chemistry of esters 
* Amethyl ester can be made by treating a carboxylic acid with diazomethane. 
* Esters react with amines to form amides. 


* An ester can be hydrolyzed under acidic or basic conditions, forming a car- 
boxylic acid and an alcohol. The reaction under basic conditions is called 
saponification. 


* Reaction of an ester with an alcohol results in apparent exchange of the R group 
attached to oxygen, a process called transesterification. 
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Section 21.5 The chemistry of amides 


* An amide is hydrolyzed under acidic or basic conditions, forming a carboxylic 
acid and an amine. The acid-catalyzed reaction is the more facile ofthe two pro- 
cedures, but an amide still undergoes hydrolysis more slowly than other car- 
boxylic acid derivatives. 


* Enzymes readily catalyze the hydrolysis of amides (peptides bonds) by stabilizing 
the tetrahedral intermediate via formation of hydrogen bonds. 


Section 21.6 The chemistry of nitriles 
* Nitriles are carboxylic acid derivatives that lack a carbonyl group. 


* Anitrile adds water to form an amide, which can be further hydrolyzed to the 
corresponding carboxylic acid and amine. 


Section 21.7 Reactions with organometallic compounds 
* Acid chlorides react with organocuprates or with Grignard reagents at low tem- 
perature to form ketones. 


* Tertiary amides react with Grignard reagents to form ketones after acid workup. 
Formamide derivatives react with Grignard reagents to form aldehydes after 
acid workup. 


• Esters react with Grignard reagents to form tertiary alcohols after acid workup. 
Formate esters yield secondary alcohols. The products in all cases have two of 
the same R group attached to the alcohol carbon atom. 


Section 21.8 Reduction reactions of carboxylic acids and derivatives 
* Lithium aluminum hydride reduces an ester, acid chloride, or carboxylic acid to 
the corresponding alcohol. 
• Lithium aluminum hydride reduces an amide to the corresponding amine. 


• An aldehyde can be formed by partial reduction of an acid chloride using 
lithium tri(ter&butoxy)aluminum hydride. 


_—_.——————————————————— 


KEY TERMS 


Section 21.1b Section 21.2b Section 21.4d 
acyl group lactone saponification 
Section 21.1c Section 21.3a Section 21.4e 
tetrahedral intermediate Schotten-Baumann transesterification 
addition-elimination procedure 

reaction Section 21.5b 

Section 21.3c serine proteases 

Section 21.2a Acetyl coenzyme A 
esterification coenzyme A 
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оп 21.2 REACTION SUMMARY 
ection 21.2a 


Carboxylic acids react with alcohols in the presence of an acid catalyst to form esters. 


1 ѓон, Ht | 


Section 21.2b 


Carboxylic acids with a hydroxy group situated several carbon atoms away from the car- 
bonyl group react to form cyclic esters, which are called lactones. The reaction is cat- 
alyzed by acid, and five- and six-membered ring lactones form readily. 


о 
о 
HX 
HO AH, — Cf + њо 


Section 21.2c 


Carboxylic acids react with thionyl chloride to form acid chlorides. 


I 500, A I 
—— > + SO, + на 


Section 21.3a 


Acid chlorides react with amines and alcohols to form amides and esters, respectively. 


Х-Н =R’,N-H, R'NH-H, R'O-H 


Section 21.3b 


Cyclic anhydrides can be made by dehydration of dicarboxylic acids. This reaction 
works best for the formation of five-membered ring anhydrides. 


COOH 
A 
Q + р + њо 
соон 


Anhydrides react with alcohols or amines to form esters and amides, respectively, 


Х-Н =R’,N-H, R'NH-H, R'O-H 
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Section 21.4a 
Methyl esters are prepared by reactions between carboxylic acids and diazomethane, 


| CHN | 
— 


Section 21.4b 
Amides can be prepared by reactions between esters and amines. 


Section 21.4c 
An ester undergoes hydrolysis in aqueous acid to form a carboxylic acid and an alcohol. 


Ї њо“, д 
„= е, 


Section 21.44 


An ester undergoes hydrolysis in aqueous base to form a carboxylic acid and ап alco- 
hol, a process called saponification. 


| 1. OHT, H:O I 
ок, 2M0 R^ СОН 


Section 21.4e 


Alcohol groups can be interchanged when an ester is heated with an alcohol and an 
acid catalyst. 


l R'OH, A Ї 
R^ "OR нх R OR" 


Section 21.5a 


An amide undergoes hydrolysis in aqueous acid to form a carboxylic acid and the salt 
of an amine; an amide undergoes hydrolysis in aqueous base to form the salt of a car 
boxylic acid and an amine. 


о 
| ML l + R'NH;* 
R^ NHR’ R~ "OH i 
l amoa, l + R'NH 
R^ NHR’ R^ "o- ? 


Reaction Summary 


section 21.6 
Nitriles add a molecule of water under the influence of an acid catalyst to form amides. 
o 
Же S, l 
R^ "NH, 


A nitrile undergoes hydrolysis in aqueous acid to form a carboxylic acid and the am- 
monium ion; a nitrile undergoes hydrolysis in aqueous base to form the salt of a car- 
boxylic acid and ammonia. 


reen Et, l + мни 
R^ "oH ‘ 
R—cN =т= + NH 
R^ СОТ li 
Section 21.7a 
Acid chlorides react with organocuprates to form ketones. 
о о 
{о ше, | e ua + ав 
D ul 
R^ ^d R^ ^R 


o re 
1 1. R'MgX, —78°С l 
„мд CIES у 
са "o R^ ^R 


Section 21.7b 


Amides react with Grignard reagents to form ketones after hydrolysis. Aldehydes are 
the products of this transformation when a formamide derivative is used. 


l 1. R'MgX l l 1. R'MgX | 
R^ ONCH), 2:90" R^ ^R н N(CH), "e R^ “н 


Section 21.7c 


Esters react with Grignard reagents to form tertiary alcohols after hydrolysis. At least 
two of the R groups attached to the alcohol carbon atom are the same. 


o HQ, „А 
I 1. R'MgX (xs) c 
Ss 
R^ "ow 2. H,0* к^ Nes 
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| Section 21.8a 
Carboxylic acids and esters are reduced by ШАІН; to form primary alcohols after hy- 


drolysis. 
| 1. LiATH, THF c 1 1. LIAJH,, THF CH,OH i 
k Son зно? R—CH,OH p Sii PETITS R н; + R'OH 
Section 21.8b 
Amides are reduced by LiAIH, to form amines after hydrolysis. 
l 1. LiAIH,, THF T 

p^ pap DEC R—CH;NH 
Section 21.8c è 
Acid chlorides react with LiAIH(O-éBu) з to form aldehydes. 

| 1. LIAIH(O-t-Bu); | 
R^ “сар 2 њо? R^ “н 


ADDITIONAL EXERCISES 
21.20. Draw the structure for each of the following compounds: 
a. N,NDiethylacetamide 
b. Isobutyl (S)-3-methylpentanoate 
c. Ethyl 3,3-difluorocyclopentanecarboxylate 
d. (£)-3-Chloro-2-butenoic acid 
е. 3-Bromo-2-nitrobenzoic acid 


21.21. Give an acceptable systematic name for each of the following compounds: 


PU 


a. b. C: 


оси NO, 


cl COOH 
OCH; 


21.22. Write an equation for the reaction between pentanoic acid and each of the fol 
lowing reagents: 


а. (CHs)gCHCH,OH and ТОН, with heating. 
b. Lithium aluminum hydride followed by aqueous acid workup. 


c. Thionyl chloride with heating, then l-aminobutane followed by workup with 
dilute aqueous NaOH. 
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d. Lithium aluminum hydride followed by aqueous acid workup, then PCC 
(Section 11.4b) in dichloromethane. 
е. Thionyl chloride with heating, then LiAIH(O-tBu)s at low temperature. 


f. Thionyl chloride with heating, then CH3OH, then excess CHsMgl in ether, 
then aqueous NH,Cl. 


21.23. Arrange the following compounds from most-to-least reactive for the hydroly- 
sis reaction with aqueóus NaOH: 


См СОН, а COSEt cl CON(CHj); cl coc 
Uo Uc ту O 


21.24. Oxalyl chloride reacts with a carboxylic acid in the presence of triethylamine, 
first to generate a mixed anhydride, then to undergo decomposition to produce 
carbon monoxide, carbon dioxide, triethylamine hydrochloride, and a new acid 
chloride. Propose a mechanism for this transformation. 


о о о 
= l d a 
= + 
в--соон —.S © ^o^ “с | — в—со—с! + со + CO, + HNEt, Cl- 


NEt;, CH;Cl;, А 1 


Mixed anhydride 
(not isolated) 


21.25. А cyclic anhydride reacts with an alcohol to produce a half-acid ester. Propose 
a mechanism to rationalize how this product is formed. 


о о 
i | 

é C. „снусн,сн, 
Cr М CH,CH,CH,OH CI о 
о ———— 
РА A 
С 
\ соон 
о 


Phthalic anhydride 


21.26. In performing each of the following reactions, indicate the principal IR ab- 
sorptions that you would look for in the reactant and product to ensure that the re- 
action was successful. Be as specific as possible: list the position (cm), intensity 
(weak, medium, or strong), and shape (sharp or broad) of the diagnostic absorp- 
tion band(s). 


21.27. For the reactions shown in Exercise 21.26, repeat the process for the !H and 
broad-band !8C NMR spectra. List, as applicable, the chemical shifts, integrated in- 
tensity values, splitting patterns, and DEPT results. 


21.28, Indicaté what reagents are needed to carry out each reaction in Exercise 21.26. 
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21.29. Draw the structure(s) of the major product(s) expected from each of the fol. 
lowing reactions. Indicate the stereochemistry of the product as appropriate. Rela. 
tive stereochemistry should be shown using wedges and dashed lines. If a racemic 
mixture will be formed, draw the structure of one enantiomer and write the word 
"racemic", or draw both enantiomeric structures. If diastereomers are formed, draw 
each structure; label meso compounds as such. If no reaction occurs, write N.R. 


b. 
[9] 
ЧЧ 1. CrO,, pyridine, СН,СІ, 
ща 
[е] 1. CH,CH;MgBr (xs), ether CHO 2 PANH, ТОН, A 
= 210090700 еше „ 
2. H0* 
а. 
Лү cl CH,CH;CH;SH „©. 
————— 
жолы. yos PhNH; А 
[e] о 
f 
1. SOCI; 
d. 2. CH,CH;NH; o \ 
3. LiAIH,, ether Y 
pu. зе “LD \ WV. CH,CH,CH,OH 
h. 
Е H3,0%, д CH 1.0, 
P" NL 
(ө) 
ј сно 
но H 
о 
H OH Br, H,0, pH 5-6 
OH 1.508, (show Haworth 
| H OH ow Намо! 
Z. LCU(CNI(CH ^ оне formi) ^ 
OH 
CH,OH 
1. 
o 
1. NH,OH 1. KMnO, OHT 
=> 
^Y РО А он ? CHsCH.OH, тон, а 


21.30. Show how each of the following compounds can be converted to benzoic acid: 
a. Benzyl alcohol b. Bromobenzene 
d. N-Methylbenzamide 


f. Styrene 


с. Ethylbenzene 
e. Benzonitrile 
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91.31. By identifying the absorption bands that correspond to the principal func- 
tional group, match the IR spectra 31A-31C with the appropriate type of acid de- 
rivative in the following list. 


& 
a. RCN b. КСОСІ c. RCQOH d. RCOOR’ е. КСОМН» 


31А. р 
100 4 


Transmittance, % 
A o Qo 
ò © © 


N 
© 


0 | T T T [al | | | T 1 
3400 3000 2600 2200 2000 1800 1600 1400 1200 1000 800 600 


Wavenumbers, ст? 


Transmittance, % 
N ГА оу о 
© © © © 
Я 
Сэ 
[o] 
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T Ї f T T T T T 1 
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Wavenumbers, cm! 
31C. 
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" 80 
g 
E 60 
E 
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Ё 
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21.32. By identifying the resonances that correspond to the principal functiona 
group, match the 185C NMR spectra 32A-32C with the appropriate type of aciq de- 
rivative in the following list, 


a. RCOOH b. RCOOR’ с. RCONH d. RCN 


32A. 
> 
E 
c 
& 
E 
SURE 
T T T T T T q^ T T T Ep 
200 180 160 140 120 700 80 60 40 20 0 
5 
32B. 
| 
| 
B | 
a 
с 
g 
= 
SAN 
T m Т Д Г T T. T Е Г a 
200 180 160 140 120 100 80 60 40 20 0 
$ 
32C. 
è 
© 
Е 
ES 
NES 
T T | T =] Ta T T T EC 
200 180 160 140 120 100 80 60 40 20 
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91.33. Draw the structure of the product expected from each of the following reduc- 
tion reactiens. If no reaction occurs, write N.R. Indicate the stereochemistry of the 
product where applicable. 


a b. 
о о | 
A_ALcoocn ROW peu 1. МАНН, ether 
Er 
3 2Ho* з Tot 
с. d. 
О o 
1. LiAIH,, ether 1. CH;Mgl, ether 


== шетен 
2.H0* 2. NH«CI 
4 (aq) 


21.34. Show three different ways to make I-phenyl-I-butanone from an acid chloride 
by routes that use an organometallic reagent or electrophilic aromatic substitution. 


21.35. Show how you would prepare each of the following carboxylic acids from any 
organic compounds that have six or fewer carbon atoms, making use of an 
organometallic reagent. You may also use other reagents and solvents. 


HOOC.. : ? —CHO 


a. b. c. 


COOH 
pur 


CH; 


21.36. The Wohl degradation is a procedure for converting an aldose to its homo- 
logue with one less carbon atom. You have seen all of these Steps in different sec- 
tions of this text —here they are collected into one reaction sequence. Propose a 
mechanism for each step. 


m H, CZ NOH H, '"zN—0—cOocH, 
H OH H OH H OH 
H он 0н, н on, : 2050. H OH MR, 
H OH H OH H OH 
CH;OH CH;OH CHOH 
CN 
H OH CHO 
H OH| ———> H OH 
H OH H OH 
| CHOH CH,OH 
Not isolated 
why not?) 
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21.37. What carbohydrate is produced if the Wohl degradation (Exercise 21.36 
carried out starting with each of the following aldoses? 


a. D-Mannose 


) is 


b. D-Ribose c. L-Arabinose 


21.38. What carbohydrate could be used in the Wohl degradation (Exercise 21.36) to 
prepare each of the following aldoses? 


a. D-Glyceraldehyde 


ү 
ү! 
{ 
| 


b. L-Threose с. D-Erythrose 


21.39. Identify each of the following compounds, which are carboxylic acids or de. 
rivatives, from their IR and !H NMR spectra. 
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21.40. Anhydrides can be used instead of acid chlorides as reactants in the Friedel- 
Crafts acylation reaction (Section 17.2e). When a cyclic anhydride is used, the 


product is a keto acid. Propose a reasonable mechanism for the following reaction 
between benzene and succinic anhydride: 


On ? 

о 
1. вд ‚ AlCl, COOH 
_  := 


2. H,0* 


THE ACID—BASE CHEMISTRY 
OF CARBONYL COMPOUNDS 


22.1 ACIDITY OF CARBONYL COMPOUNDS 

22.2 ENOLS AND ENOLATE IONS 

22.3 REACTIONS OF ENOLATE IONS 

22.4 DICARBONYL COMPOUNDS 

22.5 REACTIONS OF AMIDE AND IMIDE IONS 
CHAPTER SUMMARY 


Acid-base chemistry is a fundamental part of reaction mechanisms, and you have seen 
how factors such as electronegativity, hybridization, and resonance effects influence the 
acidity of functional groups (Section 5.2). This chapter describes the chemistry of an- 
ions that are stabilized primarily by delocalization of electrons with a carbonyl group, 
which is related to the acidity of protons a to the carbonyl group of aldehydes, ketones, 
and esters. Deprotonation at the position adjacent to a carbonyl group generates a res- 
onance-stabilized enolate ion. For example, from a ketone, 


ү Qe "i 
Cl H^ Bae С H C. a H 
R^ Ned —— w^ Dd — g^ X 
нн H H 
A ketone Resonance-stabilized enolate ion 


Àn enolate ion reacts like any nucleophile, although its high basicity sometimes causes 
troublesome side reactions. 


Anions associated with a nitrogen atom adjacent to a carbonyl group are also dis- 
cussed in this chapter. Some of these species undergo rearrangement reactions. 


22.1 ACIDITY OF CARBONYL COMPOUNDS 
Nem з OE VIETNAM UA eem sus 


22 1а THe ACIDITY OF CARBOXYLIC, SULFONIC, AND PHOSPHORIC 
Асірѕ RESULTS FROM RESONANCE STABILIZATION 
OF THE CORRESPONDING ANION 


For the dissociation of an acid HA into a proton and its conjugate base A^, the dissoci- 
‘ton constant, K,, and its related quantity pK, are defined as follows: 


CHAPTER 


2 


en 
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НА гау + НО ==> AQ + HsO'ag (22.1) 
- + 

= Reg sent лов, (22.2) 
[HA (aq) 


The stronger the acid, the lower the pK, value. Mineral acids such as HCl have nega- 
tive pK, values, but most organic compounds have pK, values between 0 and 50. 

A carboxylic acid has the tendency to undergo acid-base reactions with many nu- 
cleophiles (Section 21.1e). The pK, value for a typical carboxylic acid is ~ 5, and its 
acidity is influenced through inductive effects by electron-withdrawing or -donating 
substituents (Section 5.2c). | | 

Sulfonic (pK, « 0) and phosphoric (pK, = 2) acids are two other types of organic 
acids you have already encountered. Resonance stabilization of their conjugate bases ac- 
counts for their tendency to transfer a proton to a base that is present in solution, and 
perhaps the most important acid-base reaction is the one in which water acts as a hase. 


© :6:- 

-— 9 ee |, 
o^X R бүк 8 R G NOR 
9 cu ibi :0 


A sulfonic acid 


:бн он (ч rà 
| но + 
ш, — B4 < ‚. Pl, 
гок 7 arp ag er © ео 
7 сон :0:- О: О: 


A phosphoric acid 


A phosphoric acid can lose a second proton when its concentration is low and the pH 
of the solution is near 7, for example, under physiological conditions. 


EXERCISE 22.1 


Draw appropriate resonance structures for the dianion of a phosphoric acid formed by 


the dissociation of two protons (RO-POs?-). 
nn MEM" MM —————————————X— 


You may have noticed that in the biochemical processes shown in this text, car 
boxylic acids have been represented and referred to by the structures and names of |. 
conjugate bases, which are the principal forms that exist under physiological conditions. 


1 q" i | | 
ms ms H,C—CH—C—OH . HO—C—CH,—CH,—C—OH 
Pyruvic acid Lactic acid Succinic acid 
| jq T 1 
m UM os H;C—CH—C—O7 -O—C—CH,—CH,—C—O7 
Pyruvate Lactate Succinate 


Predominant forms in water under physiological conditions 


22.1 Acidity of Carbonyl Compounds 


Phosphoric acid derivatives of carbohydrates and the nucleic acids (Chapter 28) exist 


predominantly in their phosphate ion forms under physiological conditions as well. 


CH,0PO,7~ OPO; ö 
CHO o. OH o 
нон он 
CH,0PO,2- HO 
OH OH 


p-Glyceraldehyde-3-phosphate B-D-Glucopyranose-6-phosphate Thymidine-5'-monophosphate 


22.1b INDUCTIVE EFFECTS INFLUENCE THE ACID STRENGTHS 
OF CARBOXYLIC ACIDS 


As described in Section 5.2c, acetic acid, with a pK, value of 4.75, provides the refer- 
ence mark for a “typical” carboxylic acid. Substitution at the carbon atom adjacent to 
the carbonyl group places electron-donating or -withdrawing groups near the acidic 
proton, and these substituents affect the compound’s acidity through inductive effects. 
Recall that inductive effects become less important as the distance between the sub- 
stituent and the proton increases. 


m ll | I ll 
cid 26 AEN AES Zw 
CHS "OH CICH; "OH ссн OH CH,-CH,-CH;/ "OH 


pK, 4.75 2.85 1.48 4.81 


A carboxylic acid group attached to a benzene ring is influenced less than you 
might expect. The primary stabilization of the carboxylate ion results from delocaliza- 
tion of electrons through the СО» group; the aromatic x system has little additional in- 
fluence. As with the aliphatic carboxylic acids, the acidity of benzoic acid derivatives 
can be rationalized mainly on the basis of inductive effects. 

Benzene itself functions as a weak electron-withdrawing group, so benzoic acid is 
more acidic than acetic acid. Electron-withdrawing groups attached to the benzene 
ring increase the acidity even more. For example, œ, m, and pnitrobenzoic acid are all 
Stronger acids than benzoic acid. As expected, electron-donating groups (that is, the 
activating groups shown in Fig. 17.10) such as methyl or OH make the acid weaker. 
Table 22.1 lists the pX, values of benzoic acid and some derivatives. 

Benzoic acid derivatives with a substituent at the 2-position are more acidic than 
benzoic acid, no matter whether the group attached to the ring is electron withdraw- 
ing or electron donating. This influence, known as the ortho effect, undoubtedly results 
from steric interactions between the substituent and the carboxylate group. 

A compound with two carboxy groups is known as a diprotic acid. Because of the 
electron-withdrawing effect of the neighboring carbonyl group, dissociation of the first 
Proton from a dicarboxylic acid is greater than for acetic acid itself, as summarized in 
Table 22.2. As the carboxylic acid groups are moved farther apart, the effect of the sec- 
ond COOH group on the dissociation of the first proton drops dramatically, just as you 
saw for substituents like chlorine. Dissociation of the second proton occurs at a higher 
PX, value: The negative charge of the first carboxylate group renders the second 
COOH group less acidic as a result of inductive and solvation effects. 


О 
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Table 22.1 The pK, values of benzoic acid and its derivatives. 


Compound pK, Compound pK, 
~ COOH a COOH 
4.21 | 3.82 
4 A 
сі 
~ COOH ~ COOH 
3.91 | 3.98 
22 “сну а “2 
a COOH ~ COOH 
4.27 | 2.16 
2 Z^ “мо, 
CH; 
~ „СООН чу СООН 
4.36 | 3.47 
сн“ P 
NO, 
COOH COOH 
O аав СҮ за 
но ON 


EXERCISE 22.2 
The dissociation of the first proton in oxalic and malonic acids might also be enhanced 
by formation of a strong hydrogen bond in the monoanion. Draw structures of these 
species and explain why they should be more stabilized than the corresponding 
monoanions generated from the other diacids shown in Table 22.2. 


22.1c A CARBOXAMIDE Is MORE THAN AN AMINE 


If you shift attention from carboxylic acids to their amide derivatives (carboxamide), 
you would find that the same factors affecting the acidity of carboxylic acids—reso- 
nance and inductive effects—are equally important when comparing the acid-base 
properties of amides with those of amines. An amine has a pK, value between 35 and 
40, so it can be deprotonated only with a very strong base like an organolithium 
reagent. For example, the nonnucleophilic base LDA is prepared by deprotonating di- 
isopropylamine. Lithium diisopropylamide has many uses in preparing carbanions that 
you will encounter throughout this chapter, so make special note of this reaction. 
(Note that the word “amide” can refer both to the conjugate base of an amine as well 
as to the carboxylic acid derivative containing nitrogen; the context of the discussion 
will usually make clear which substance is involved. The word carboxamide will be 
used in many cases to prevent confusion.) 


BuLi, THF 4 


N—H ——— N^ Li* + СН 


=. 


(LDA) 


22.1 Acidity of Carbonyl Compounds 


Table 22.2 The pK, values of dicarbo- 


xylic acids. 
— 
Compound PK, pK, 
KR 
о о 
\ 4% 
S 1.23 4.19 
HO OH 
Oxalic acid 
о 
! I 
С 2.83 
HO^ “ен; “он om 
Malonic acid 
[9] о 
l 1 
416 5.61 
HO^ “сн, “он 
Succinic acid 
[e] о 
a: 
4.34 
но “сн; Non 5.41 
Glutaric acid 
[9] о 
l | 
[e 4.43 5.41 
но "cH, "oH 
Adipic acid 


ee 


The pK, value of a carboxylic acid amide is ~ 17 It cai 
s. n be d. t 
much weaker than butyllithium. колынны 


d 10:7 о: 
COW be ED ! 
R^ bd w— R^ Sn: RON: 
| Н 
4 н н 
on ec Resonance-stabilized carboxamide ion 
a 


In fact, the pK, value of an amide is not much different from that of water, so hydroxide 
ion deprotonates an amide to a certain extent, Recall that an amide is the acid deriva- 
tive most difficult to hydrolyze under basic conditions (Section 21.5a). Besides the pres- 
ence of the strong-base leaving group, the resonance-stabilized amide ion is less ушр to 
reaction with the nucleophilic ОН” ion than the carbonyl group of other acid derivatives, 


OH 2 
CH,—C—NH, — a сс! - + њо Resonance stabilization decreases the 
Nu N electrophilicity of the carbon atom. 
NH 
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Because this acid-base reaction is an equilibrium process, however, there is enough of 
the neutral carboxamide in solution that nucleophilic addition to the carbonyl group 
does occur. Therefore, slow hydrolysis of an amide bond will take place under basic 
conditions. 


en! 


EXERCISE 22.3 


N,NDimethylbutanamide is hydrolyzed faster in aqueous sodium hydroxide solution 
than is butanamide itself. Why? 


i M——— 


22.14 A KETONE Is More Acipic THAN AN ALKANE 


With an understanding of the acid properties of carboxylic acids and their amide de- 
rivatives, consider now the topic that will occupy our attention for much of this chap- 
ter: the acidity of C-H bonds adjacent to a carbonyl group. You might expect that a 
methyl group adjacent to a carbonyl group is similar to the OH group in a carboxylic 
acid or the NH group in a carboxylic acid amide. Indeed, addition of a strong base re- 
moves a proton, generating an enolate ion, for which we can draw resonance forms that 
are similar to those that we draw for the carboxylate or carboxamide ion. 


e сМ т 
base 
CX мын = С H C. z H 
R^ “єс” —— R^ “С < кз 
4. |, |, 
H R R R 
A ketone Resonance-stabilized enolate ion 


The proton to be removed has to be aligned with the т bond of the carbonyl group 
so that rehybridization of the o-carbon atom leads to delocalization of the electron pair 
among the three atoms. 


b сн T - sp? hybridization 
о... C Co, base 
1 7 
( | 
sp? hybridization 


Stabilization of the negative charge by delocalization provides a way to rationalize why 
the pK, value of a proton alpha to a ketone carbonyl group is ~ 20, whereas the pK, val- 
ues for C-H bonds in alkanes are closer to 50. We will see later that the magnitude О 
acidity varies among the different carbonyl-containing substances. 

Table 23.3 summarizes the scale of pK, values observed for the different Х-Н 
bonds. The most important point to remember is that a carbonyl group makes protons 0% the 
neighboring atom more acidic than in the hydrocarbon analogue. 


22.2 Enols and Enolate lons 


Table 22.3 Comparison of 
. pX, values for carbonyl com i 
noble ure у. pounds and their 


O—H N—H 


== —— ác P Ro o DN 


504 
== R-—CH;—CH; 
40 4 
=== R—CH,—NH 
30 4 тта 
pK, 
204 о | 
- R—C— 
— R—CH,—OH — н en 
10 | o 
— R—C—OH 


22.2 ENOLS AND ENOLATE IONS 


22.28 AN ENOLATE ION IS THE CONJUGATE BASE OF AN ENOL 
А 
THE TAUTOMERIC FORM OF A CARBONYL COMPOUND 
fe ee “enol” derives from the two suffixes ene and ol, meaning an alkene-alcohol 
enol, also called a vinyl alcohol, is normally unstable. You have encountered enols in 


several places already; a prominent i i 
а расна Hed prominent example is the product formed by hydration of an 


HO H 
сасон Mho Кыс 
ТНЕ / \ 

R H 
An enol 


E however, that this enol product does not remain as such. Instead, it undergoes a 
ess Called tautomerism (Section 9.2b) to form the corresponding carbonyl compound. 


H—O H о H 
b^ __ / tautomerism \ / 
=C SS C—C—H 
/ N / 
R H R H 
Eno! form Keto form 


OPERIS is driven by formation of the stronger C-O double bond and C-H 
: The keto form is thermodynamically more stable than its enol form in most 


Instances, 
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Figure 22.1 

Reactions between the keto, 
enol, and enolate forms in 
acid and base solution 
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EXERCISE 22.4 


The tautomerism process shown below favors formation of the enol form. Why is the 
enol form more stable in this case? 


o OH 
n H 
Ho о сы 
— 
2,4-Cyclohexadienone Phenol 
(keto form) (enol form) 


An enol is the rearranged form of a carbonyl compound that hasa proton on its 
alpha carbon atom. Looking at the mechanism of tautomerism, which is catalyzed 
either by acid or base, you can understand the acid-base relationships between car- 
bonyls, enols, and enolate ions. Р 

In aqueous acid, tautomerism takes place by protonation of the carbony oxygen 
atom (Section 18.1c). In Step 2, water acts as a base and removes one of the neighbor- 


ing protons, generating the enol. 


6:— ie ci Te GH 
| “hot но А 
E 
H ci eg ==> Н ===> “с2 Ув + њо 
7| o 7j © | 
Keto form Enol form 


Under basic conditions, an enolate ion is formed by deprotonation of the a-carbon 
atom. The resulting ion removes a proton from water, generating the enol. 


p us Зы, $i ‘OH 


к we L wo | a 
px 
Haro eg == CFR xc MeL TR + 
ui © | Ф | 
Enolate form Enol form 


This reaction directly above shows that an enolate ion is the conjugate base of an enol. E. 
Realize, however, that aqueous conditions are not the best for making an e. 
ion because only small amounts can be generated in the presence of the t E 
water molecule. Nevertheless, enolate ions can be made and do react in water. e т 
marize the relationships between a ketone, an enol, and an enolate ion in Figure 24.4. 


:ÓH 
е с^ Enol form 
" | 
т l nollor 
Мс У 


о 
Keto form 26:7 


te form 
Z C. Enola 


22.2 Enols and Enolate fons 


22.2b ISOMERIZATION REACTIONS OF CARBONYL COMPOUNDS 
Occur VIA ENOL AND ENOLATE Ion DERIVATIVES 


Enols and enolates are important intermediates in isomerization reactions (the intercon- 
yersion of isomers) of aldehydes and ketones, especially in biological processes. Car- 
bonyl transposition—the movement of a carbonyl group from one carbon atom to a 
neighboring carbon atom—constitutes one type of isomerization process that is 
especially important in carbohydrate metabolism. For example, in the second step of 
glycolysis, the energy-producing pathway for the metabolism of glucose, D-glucose-6- 
phosphate is converted to D-fructose-6-phosphate. The enzyme that catalyzes this trans- 
formation uses acidic groups in its active site to generate an intermediate enediol (a 
double bond with two ОН groups attached) by acid-catalyzed tautomerism. Because the 
intermediate has two OH groups, tautomerism can occur in either direction. Ulti- 
mately, tautomerism regenerates the carbonyl double bond and results in isomeriza- 
tion of D-glucose to D-fructose (and vice versa). 


H 
H о H OH | 
bd bs н—с—он 
H—C—OH C—OH С=О 
HO H — + HO H ——À HO H 
tautomerism tautomerism 
H OH H OH H OH 
H OH H OH H OH 
СН,ОРО;?- CH;OPO;- CH,OPO4- 


D-Glucose-6-phosphate Enediol intermediate D-Fructose-6-phosphate 


EXERCISE 22.5 


During glycolysis, the enzyme-catalyzed isomerization of glyceraldehyde-3-phosphate 
produces dihydroxyacetone phosphate. Propose a mechanism for this process in aque- 
ous solution, catalyzed by acid. 


сно А CH,OH 
но 
нон = Lo 
CH,OPO,7— CH;OPO;- 


D-Glyceraldehyde-3-phosphate Dihydroxyacetone phosphate 


Another type of isomerization process is racemization, which occurs when a stere- 
ogenic center is adjacent to a carbonyl group. In the following example, an enan- 
tiomerically pure substance forms an achiral enol intermediate when treated with acid 
Or base. Return to the keto form takes place by protonation at either face of the dou- 


ble bond (top or bottom in the following structures), eventually creating a racemic 
mixture. 


OH o 
| H | l сњ, 
B fac. н. pp CCH њо. a ON aH 
| acid or base | acid or base | 
СНз CH; CH; 
(В) Achiral (5) 
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Racemization of stereogenic centers adjacent to a carbonyl group is often facile, 
and it can be troublesome too. Recall the case of thalidomide in which inclusion of 
both enantiomers in the drug formulation led to birth defects in the offspring of some 
women who took the substance during pregnancy (Section 16.1b). Even if the pure (m) 
form had been given to patients, the mutagenic (5) isomer could be formed by racem- 
ization under physiological conditions. This isomerization occurs readily because the 
stereogenic center is adjacent to a carbonyl group. 


o P он 
4 o 
— N о == N 
H E о H 
o N OHO н o 
о H 


(R)-Thalidomide Achiral enol form (S)-Thalidomide 


| EXERCISE 2 
Amino acids constitute another class of biomolecules that can undergo racemization. 
Propose a mechanism for racemization of the ethyl ester of phenylalanine under basic 
conditions. 


H 
OH, HO / 

М. 
====® 


22.2с A Ketone CAN ВЕ HALOGENATED AT THE POSITION 
ADJACENT TO ITS CARBONYL GROUP 


If enol and enolate formation were simply reversible processes that allowed protons to 
be moved about within a molecule, they would have limited utility for synthetic trans- 
formations. Because an enolate ion is nucleophilic, however, it will react with elec 
trophiles. An electrophilic process with which you are familiar is halogenation бое 
9.14). Sure enough, an enolate ion reacts readily with chlorine, bromine, and iodine 
jeld o-substituted products. 

i P When an о йо: of a ketone is treated with a halogen in the presens о 
base, the first step to occur is formation of the enolate ion. The nucleophilic carbo 
atom reacts with the halogen to produce the o-haloketone and halide ion. 


о 95 o 
CLAN ОПАЛ н 
H он”, Br; _8r—Br Br + Bro 
© © 


The proton attached to the newly substituted carbon atom is now more acidic ne 
the ones in the starting material, however, because the halogen atom exerts ап in E. 
tive electron-withdrawing effect (cf. Section 5.2b), so the first product will react арси 
with base to generate a second enolate ion. This enolate ion reacts with another т 
cule of the halogen that is present and forms an @,a-dihalo ketone. 


c9 95 ? Br 
m OX. вг 
Вг ОНУ, Br, Вг—Вг Вг + Br 
© ® 


22.2 Enols and Епо!аїе lons 


The increased reactivity of the monobromo compound toward base means that se- 
lective monohalogenation of a ketone is not practical under basic conditions. This re- 
action, however, can be used to advantage in the haloform reaction, which transforms 
a methyl ketone to a carboxylate ion with one less carbon atom. The methyl carbon 
atom is converted to chloroform, bromoform, or iodoform, depending on which halo- 
gen is used. For example, 


o 
| кошы + CHX; + 3HX 
гар? 3 
CHCHCH;CH;7 "cH, = 9800 CH cH cH cul “о 


Haloform 


When the ketone is treated with an excess of base and halogen (iodine in the fol- 
lowing example), the o5,0,o-trisubstituted product is generated by successive steps in- 
volving enolate ion formation and reaction with the halogen molecule. 


:0: 

Ї Y d j i 
NA k „=ч Lh "id 1. "ind 
R —H ^u R D" on R vi "OW R С—1 

H H H I 


[EXERCISE 22.7 


Propose a mechanism for the steps shown directly above that generate the 0,0,0- 
triiodoketone. 


In the next step of the mechanism, the nucleophilic hydroxide ion adds to the car- 
bonyl group. A tetrahedral intermediate is generated (Section 21.1c), which subse- 
quently expels the trihalomethyl carbanion, a reasonable leaving group under the 


circumstances. (Recall that chloroform can be deprotonated using hydroxide ion; see 
Section 9.5b.) 


A final acid-base reaction between these initial products yields a carboxylate ion and 
trihalomethane, or haloform, from which the reaction derives its name. In this exam- 
ple, the halogenated product is iodoform. 


1 А j / 
ac m 
С H {С—1 + H—C—I 
RC ^o N © R^ ^o X 
I I 
lodoform 


The carboxylic acid itself can be obtained by adding aqueous acid during workup. 

In acid solution, a ketone reacts with the halogens via its enol derivative. In fact, the 
acid-catalyzed process is autocatalytic, which means that the reaction produces its own 
Catalyst, even if none is added initially. 

The reaction begins with acid-catalyzed enol formation. The resulting enol under- 
80€s electrophilic addition of halogen to its double bond in Step 3 by the same mech- 
anism that you learned in Section 9.14. The last step is an acid-base reaction that 
Tegenerates the carbonyl group, and produces more H30* than was present at the start. 
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OH 
OF ae NT x 4 T 
H њо H њо + њо? 
© 


oN 


АШ = \ ? H 
a Br EN 
ABC ГЕ! н њо вг " 
Br—Br Sear + HjO 
= w—— 
© @ 


(net increase of H,0*) 


Unlike enolization under base conditions, the o-haloketone undergoes enolization 
more slowly in acid than the unsubstituted ketone does. Therefore, halogenation can be 
more easily controlled, and monosubstitution is possible. For example, 


о Р 
4 Br) B с 
вг С оон? FF \ 


сн, CHBr 


(69-72%) 


22.2d A STRONG BASE FACILITATES COMPLETE CONVERSION 

OF A CARBONYL COMPOUND TO ITS ENOLATE 

lon DERIVATIVE Е | 
A halogen cation is only опе type of electrophile with which a nucleophilic лог оп 
can react. To perform reactions with other electrophiles, stable solutions of an ae E Ў 
ion must be prepared, and these solutions must be free of species that па 2 e 
competing reactions. Because the pK, value of a proton adjacent to a са оу g "d 
is ~ 20-25 (Table 5.1), a strong base is needed to remove a proton complete 4 de E 
a-position of a ketone, ester, or other carbonyl-containing substance. Even о к 
previous sections have illustrated the preparation of enolate ions in aqueous solu E 
the combination of potassium hydride or е dee) 21.1c) in THF is more co 

rate a solution of a carbonyl enolate ion. : 

aT dero: is an especially useful base because it is soluble ш к 
аз аге most lithium enolate ions. The nitrogen atom in LDA is also зо hindere і = К. 
is not likely to participate іп nucleophilic addition to the carbonyl group. dee v 
dride has the advantage that the only byproduct is hydrogen gas. Although its mer "d 
can be carried out at ambient temperature, low temperatures are ое M E 
to prevent self-condensation processes that сап complicate subsequent transform: 


=. K* 
o- Lit о o 
H H 
H H KH, THF +H 
— 78% X ee E 2 
LDA, THF, — 78°C + HNGPD), 


Enolate ions formed using LDA, KH, or a related reagent are stable in THF i 
tion, and we normally draw their structures with the negative charge on the i Я 
atom. There аге two reasons for this. First, oxygen is more electronegative than c. 
so a resonance form that places the charge on oxygen should contribute Pa a 
the distribution of electron density in the ion. Second, small cations like ae € 
potassium have a much higher affinity for oxygen than for carbon and are likely 
associated with an oxygen anion. 


22.2 Enols and Enolate tons 


22.2e AN UNSYMMETRIC KETONE CAN Form Two 
DIFFERENT ENOLATE IONS 


Cyclohexanone is symmetrical, and enolate ion formation is straightforward no matter 
the base employed. But a compound such as 2-methylcyclohexanone has protons that 
can be removed from either side of the carbonyl group, and they are in different envi- 
ronments. At first glance, you might expect to form approximately equal amounts of 
the two enolate ions when base is added. The specific reaction conditions can influence 
the formation of one enolate versus the other, however. 


o 
£d x 
ы base 
H H 
H 
H 


SS 
o 
di 
сн, base 
не 


The protons attached to the 6-position of 2-methylcyclohexanone are less hin- 
dered than those attached at the 2-position. They are therefore removed faster if a hin- 
dered base like LDA is used, and that product is the kinetic enolate. 

The double bonds that are formed in the enolate ions are substituted differently in 
the two derivatives, so their stabilities should differ. As you learned in Section 8.1c, a 
tetrasubstituted double bond (RgC=CRg) is more stable than a trisubstituted one 
(RgC=CHR), so the more highly substituted derivative is the thermodynamic enolate 
and is expected to predominate if the mixture is allowed to equilibrate. 

The topic of kinetic versus thermodynamic control is one that you have seen pre- 
viously (Section 10.3b). For the formation of an enolate ion froma carbonyl precursor, 
the processes are summarized as follows: 


Kinetic enolate 


Thermodynamic enolate 


ae 
H CH; 
H 
oF 
H CH; 
H 


General scheme for 


eral General scheme for 
kinetic contro! 


thermodynamic control 


K a К Key: С = Carbonyl compound 
C base C = base К = Kinetic enolate 
oS E Ss = Т = Thermodynamic enolate 


A kinetic process is favored under nonequilibrium conditions, taking advantage of the 
differential rates of the competing pathways. A thermodynamic process is favored when 
the reactions (particularly the pathway leading to the kinetic product) are equilibria, 


So the energy of the system eventually settles with formation of the most stable species. 
For enolate formation, 


* The kinetic enolate is formed at low temperatures using a strong, hindered base. 


* The thermodynamic enolate is formed at higher temperatures using excess car- 
bonyl substrate. 


То justify these experimental results, it is helpful to look at a reaction coordinate 
diagram for the two pathways. As illustrated in Figure 22.2, the free energy of activation 
to remove a proton from the 6-position is lower, but the enolate ion formed by ab- 
Stracting the proton from the 2-position is more stable. Therefore, 


* Low temperatures (commonly ~78°C) provide only enough energy to cross the 
barrier along the pathway leading to formation of the kinetic enolate, so the 
thermodynamic enolate will be formed very slowly. Use of a hindered base 
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H Lower activation barrier 
H CH for formation—this isomer 
3 я 
is formed faster. 


Ми н о More highly substituted 
сн; double bond—this isomer 
H is thermodynamically 
more stable. 


H 
H 


CH,CH,CH,CH;CH; 


CH;CH,CH,CH,CH;~ CH; Эн; снусн,сн„сн,сн 


Ketone Kinetic enolate 


Reaction coordinate 


Figure 22.2 
Relative energies for the isomeric enolates generated from 2-methylcyclohexanone. 


ensures that the more accessible protons will be removed faster (2° vs. 3° for 2- 
methylcyclohexanone), and use of a strong base means that little of the carbonyl 
precursor will remain when the enolate ion has been formed. 

* Higher temperatures mean that sufficient energy is available for the reaction to 
occur via the pathway with the higher free energy of activation (the one yielding 
the thermodynamic enolate), as well as to cross the barrier in each direction of 
the pathway that forms the kinetic enolate. But even if the energy is available, 
there has to be a way to interconvert the enolate ions. The use of excess ketone 
ensures that a mechanism exists for equilibration to take place: 


“© co o- о 
= Hh ee CH; H CH; H CH, 
н + н => н кон H 


Thermodynamic enolate Ketone 


So how do these data relate to the information on enolate ions presented in Sec 
tion 22.94? First, they confirm that LDA is an excellent base for making kinetic enolate 
ions from unsymmetrical ketones: LDA is both a hindered and strong base. At —78°С for- 
mation of the kinetic enolate is favored. Potassium hydride is a strong base, but hydride 
ion is small, so it can deprotonate a more hindered carbon atom. Performing the re- 
action at room temperature will lead to formation of the thermodynamic product. The 
following equations illustrate these processes. Note that when preparing the thermo- 
dynamic enolate ion, some kinetic enolate is also likely to be present, the exact pro- 
portion depends on the stability of each species. For example, in the second equation 


below, the ratio is nearly 1:1. 


| LDA, THF, — 78°С | 
c THE C (100%) 
“ен, ANG” CH,CH.CH;CH,CH. “CH, 


o- Kt ө, Kr 


| KH, THE, 25°С 
A С + AN Н 
CH; CH;CH;CH;CH;CH CH; 


(46%) (54%) 


22.3 Reactions of Enolate tons 


The lithium salt of the thermodynamic enolate ion is sometimes desirable if you 
want to take advantage of its solubility properties. In those cases, the kinetic enolate fon 
can be made at low temperature and allowed to warm to 100i temperature with 
slight excess of the starting ketone. For example, eres 


О Oo” Li* 
(у 1. LDA, THF, — 78°С CH; 
=r 
2. Warm to 25°C 
| Aldehydes can also form enolate ions. Their formation does not suffer from the re- 
giochemical problem associated with making a ketone enolate because there is only 
one Q-position in an aldehyde. The carbonyl group of an aldehyde is unhindered, how- 
E so an aldehyde enolate often undergoes self-condensation reactions (Section 
23.1a). For this reason, preparation of aldehyde enolate ions is not generally practical. 
o o 
2 | 
Meu En, д, TH R „С 
CH; H ——3 С Н —————> Condensation reactions 


| 
An aldehyde H 


[ EXERCISE 22.8 


Write equations showing how you would prepare the kineti 
e kineti i 
lates of the following ketones. кер л 


a. о b. ^p 


о 


22.3 REACTIONS OF ENOLATE IONS 


22.3a A Ketone ENOLATE REACTS WITH AN ALKYL 
HALIDE Мід AN Sy2 PROCESS 


Aketone enolate ion isa nucleophile, so it can react with the ele ili 

of an alkyl halide, which leads to formation of an alkylated Кун ишы ep 
the alkylation step shows the electrons moving from oxygen, regenerating the carbonyl 
group, while the electrons in the double bond of the enolate ion react with the spe 
trophilic carbon atom of alkyl halide, displacing the leaving group. For example, the 
enolate derivative of cyclohexanone, made from its reaction with LDA in THE е 
with methyl iodide to yield 2-methylcyclohexanone. — 


О - ц+ 
Ch H co Li о 
CH 
Жл THE, — 78°C oH h 3 
ey 
ot H + Lil 


fe alkylation reaction is a typical Sy2 process (Section 6.3a), and occurs readily when 
„ар a halide, tosylate, or mesylate is employed as the electrophilic partner. 

a secondary or tertiary substrate, elimination is a major sid i ion 
8.3a) because the enolate ion is a strong base. ОНИЕ 
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Note that alkylation occurs at the carbon atom © to the carbonyl group and notat 
the oxygen atom. An enolate ion has two resonance forms, each of which has an octet 
on each non-hydrogen atom. The carbon center is more basic (Section 5.2b), hence 
more nucleophilic (Section 6.1c) than the oxygen atom. 


ii б: 
i i 
a“ NT 


Unfortunately, the overall alkylation process is not as simple as indicated above. A 
major problem is polyalkylation when the alkyl group is small. The product of alkyla- 
tion is a neutral ketone, which itself has acidic protons. Therefore, the enolate ion that is 
already in solution can react with the initial product by an acid-base process to form a 
new enolate ion and regenerate the starting ketone. 


Initial enolate New enolate 


First product 


Starting ketone 


Now, this second enolate can react with the alkyl halide to form a dialkyl product. 


:6:- :0: 
н CL 5% „Д ch 
H СНІ н H Е 
aes +1 


Second product 


This dialkyl compound also has acidic protons, so the process can be repeated, giving 
rise to a mixture of compounds when the reaction is done. 

Even though polyalkylation is a complication, and high yields of a pure, single 
product may be difficult to obtain, there are still many examples in which alkylation oc- 
curs reasonably well. Some examples follow. We can assume prudently that in any syn- 
thetic scheme in which an enolate ion is treated with an alkyl halide to prepare an 
alkylated product, more than one compound may be obtained. 


1. NaH,CH,OCH,CH;OCH; , 
2. CHI 


o” Li* о (79%) 
Br Br 

1. LDA, THF, — 78°C an „А 
M ЕЕЕЕЕЕС ———M———À9 

2. warm to 25*C 

ri о 
CH CH CH 

ш LDA, THE Е PhCH;Br Ph^ ^N (42-45%) 


— 78°С 


22.3 Reactions of Enolate lons 


O ЉБА 


EXAMPLE 22.1 


Ў, Show how you would prepare the following compound using an alkylation procedure. 
о 


———— 


Begin with a retrosynthesis by breaking the bond between the carbon atoms that are о 


and p to the carbonyl group. In cyclic compounds, this disconnection is usually made 
outside of the ring. 


cor^ = ob. оед 


With the starting compounds identified, the synthesis starts with formation of the eno- 
late ion and is followed by reaction with the alkyl halide. 


o T O- Lit o 
H H UN 
~LiBr 


[EXERCISE 22.9 
Show how you would prepare the following compounds using an alkylation procedure. 
Start with organic compounds having eight or fewer carbons atoms. 


k Alkylation of a ketone enolate is not the only way to prepare substituted ketones. 
€active alkyl halides (methyl, all lic, and benzylic) and a-halo carbonyl compounds 
‘act with enamines (Section 20.3b), and the three-step procedure of enamine Forma” 

tion, alkylation, and hydrolysis provides another route to alkyl derivatives. 


PO OY д 


тон ^ 
CH; 
22.3b AN ENOLATE lon CAN ВЕ USED TO ATTACH THE PHENYLSELENIUM 
GROUP, WuicH Is USED TO PREPARE о, B-UNSATURATED 
CARBONYL COMPOUNDS 
Alkyl halides are not the only electrophilic reagents that react with enolate ions. The 


Phenylselenium ion, supplied as PhSeCl, reacts readily with enolate ions and gives high 
Felds of monosubstituted products by the following pathway: 


LDA, THF 
— 
= 78°С 


a. 


re CM 


EA Eee 


——————— — 
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| :0: Table 22.4 А summary of the reactions between ketone enols or enolates 
j :О: H and electrophiles 
| Ж, F, — 78°С à mie LC seph +c : 
Н. LOA. THE 7796, ———————ә Electrophile Conditions 
@ © 


Summary (see text for details) 


П 


" * (HX Aqueous acid Enolization; tautomerism; izati f a chiral 
| . he value of the phenylselenide H* (HX) queou erism; racemization of a c 
The synthetic utility of this procedure derives from the v l 1 ес] ог Базе Кеїопе 
дс: which will eliminate phenylselenic acid after oxidation to its phenylselenox- Preformed Protonation of an enolate ion regenerates the starting 
proguck we enolate? ketone. Racemization occurs if formation of the 
ide derivative. enolate destroys a chiral center. 
о 
o H о H ГА H CI*, Br*, I* Aqueous acid Monosubstitution at the a/pha position is readily 
(X2) controlled. 
SePh H,0 se = + PhSeOH : 
— Hd H Aqueous base Polysubstitution at the a/pha position occurs; methyl 
H ketones are cleaved to produce the carboxylate salt 
and haloform (CHX3). 
: ivati А ted ketone 
А ivati Iselenoxide derivative o, B-Unsatura 
Phenylselenide derivative Рһепу R* (RX) Preformed Primary alkyl halides react by an $42 process; secondary 
m temperature to create enolate? and tertiary alkyl halides give elimination products. 
Elimination of PhSeOH occurs spontaneously at around roo nt Iselenoxide in- Polyalkylation of the ketone can be a complication. 
double bond in conjugation with the carbonyl group. and the phenylse р 5 Equilibration between kinetic and thermodynamic 
олеше is not actually isolated (as denoted by brackets in the кеспе ра: enolates can also give a mixture of products, 
ee ; 1 ted movement о] 

Р +e oli n process is portrayed with concer | | 
Теше E ew eae аав A removal of a hydrogen atom from the PhSe* Preformed Monosubstitution at the alpha position is readily 
electrons via a cyclic transit i (Phsecl) enolate? 
carbon atom beta to the carbonyl group. 


Ph 
o Ph o || 
Cse ut 
b ibid | 
н H H 
H 


The synthetic applications of this reaction are many, and this еер proe 
is one of the best ways to prepare o. [-unsaturated ketones (Section 24.12). For example, 


о о 
1. LDA, THF, — 78°C 4 
Ва айсы 
2. PhSeci 
3. H0; 


ce 


controlled. Equilibration between kinetic and 
thermodynamic enolates is usually по} a problem. 


——————————————— 


?Preformed enolate refers to the product of the ketone with a reagent like LDA in THF at -78?C. 


22.3c THE ENOLATE DERIVATIVE OF AN ESTER IS A POTENT NUCLEOPHILE 


А ketone is not the only carbonyl compound from which enolate ions can be made. Es- 
ters form enolate derivatives and nitriles form carbanion derivatives with similar prop- 
erties. The pK, value for the o-protons of a typical ester (pK, = 24-25) is four to five 
orders of magnitude higher than that of a ketone (pK, = 20), an effect that derives 
from resonance delocalization of the electrons between the two oxygen atoms of the 


ester. Because these electrons are already delocalized before deprotonation, the electron 
pair is less stabilized in an ester enolate than it is in a ketone enolate ion. 


Q: a т a 
: lates undergo. i * " 
i e reactions that ketone enols and eno R Cc... UR R C. EUR R c R c 
Table 22.4 summarizes th “и мси мор Meg 
ZN /\ /\ /\ 
H HK H H H H H H 
reaction An ester A ketone 


An important resonance contributor 


The inductive effect created by a 
puts a positive charge on the oxygen positive charge on the carbon atom 
atom rather than on the carbonyl makes the protons more acidic than 

carbon atom. those of the ester. 
у УД Y a . А olate 
Phenylsulfuryl chloride (PhSCI) and diphenyl disulfide (PhSSPh) react with an еп 


оа һу dr ocarbon, however, so the acidity 


of an ester is much greater than that of an alkane. 
ing sequence: 
ing seq < о Ó:- Li* :ӧ Lit 
о : : 

o 1. LDA, THE, — 78°C +  HNüP), +  L5Ph ч H | H l H 

ru РН8 a 9 ко Г А, THE, — 78°C о c^ ко “Ё 
i SPh | SH — HN(Pr); | | 

a R R R 


An ester 


An ester enolate 
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A carbanion derived from a nitrile is also resonance stabilize 
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d, and the pK, value of a 


nitrile is between 25 and 30. 


\ 


Ns, R Lit R ti 
Bn LDA, THF, — 78°C \ = Ne iy 
/ "a — HNGPr; P i / =N: 
H H H H 


Unlike ketones, which sometimes have protons attached to both alpha carbon 
lpha carbon atom, so only one enolate ion ex- 


atoms, esters and nitriles have only one a 
ists for each. Furthermore, condensation reactions (Chapter 23) do not normally in- 


terfere if a strong base like LDA is used to make an ester enolate. The only ester that 
undergoes significant self-condensation with LDA is ethyl acetate, so tert-butyl acetate 


is often employed if a two-carbon ester is required in a synthetic procedure. 
The following example illustrates the alkylation of an ester enolate. First, the eno- 
late ion is prepared (low temperature is used to minimize possible side reactions). 


d ju "i 
CH,CH;CH;CH;. „С LDA, THF, — 78°C CH,CH;CH,CH;.. С 
, THE, p 
pr agp aur С” ¢ OEt 


/N 
f H H н 
/ 
Once formed, the ester enolate ion (or nitrile carbanion) reacts with an alkyl halide by 
the typical Sp2 pathway and yields the alkylated product. 


ar ut 9 

CHCH CHCH c Q CH;CH,CH,CH С 

a aa Ron се" orang OK “оғ (75%) 
н `сн,сн,сн,Сн; 


es a strongly basic nucleophile, sec- 
alkyl halide or 


Tr 


As expected for any substitution reaction that us 
endary and tertiary substrates undergo elimination. With a primary 


epoxide, the reactions proceed іп a predictable manner. 


COOEt 


COOEt 
B 1. LDA, THE, — 78°C CH,(CH2)sCH3 ; 
ама (90%) 
2. CH;(CH3)e! 


o 
/ 1. LDA, THE — 78°C 4 
"E «ШАНЬ = 85%) 
CHa EN 2. снн, DMSO, 25°C CH3(CH2)3CH2 ©. ice 
O—t-Bu O—t-Bu 
. LDA, THF, — 78°C 
CH,—CmN: eg HO—CH,—CH,—CH,—C=N: (80%) 
20 
3.Ht 


ful nucleophile because the resulting pro% 
molecules such as carboxylic acids (See 
and alcohols (Sections 91.7c ап 


An ester enolate ion is a particularly use: 
uct can be converted to many other types of 
tions 21.4c and 21.4d), amides (Section 21.4b), 


921.82). Example 22.2 illustrates а specific application. 


22.3 Reactions of Enolate lons 


EXAMPLE 22.2 


Боров a route to synthesize the following molecule that makes use of an enolate ion 
and starts with organic compounds with seven or fewer atoms: 


Begin by outlining the retrosynthesis. Remember first that a carboxylic acid is equiva- 
lent to an ester. To make the carbon skeleton of the ester, consider breakin, poe а 
between carbon atoms that are & and D to the carbonyl group. à i 


+ 
COOH С ов вг COOEt 


Em kin иш бра ain identified (both have seven or fewer carbon atoms) 
steps of the synthesis; start with formation of the enolate i 
| ; sta ate ion and follow wi 

the reaction between the enolate ion and the alkyl halide. Hydrolysis of the est кз: 

quired to generate the carboxylic acid product. asd 


———— 


(ei 
3 HC 
\_ACOOEt ipa, THF 3 


Na 
[e = PhCH,Bi 
ke эш» qoem es CL м AX 
COOEt COOH 


HC HC 


XERCISE 22.12 


a ge can A be alkylated after formation of its enolate. What is the expected 
ies after each step in the following scheme? Given th à; ion i 

Bs ea uiri ? at an enolate ion is alkylated 
einn at is the stereochemistry of the final product? (Models may 


1. LDA, DME (solvent) 


¿O 

А 2. CH;— CHCH;CH,CH;8r 
+ 3. LDA, DME ? (86%) 
Н 4. СНз 


Propose | 
a route to synthesize each of the followi А 
і wing compound. А 
En . р s using an eno 
d any organic compounds with seven or fewer atoms: E late ton 


а. 
соон b. 
CXL PP 
cl 
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22.4 DICARBONYL COMPOUNDS 


22.4a THE PRESENCE OF Two ELECTRON-WITHDRAWING 

GROUPS INCREASES THE ACIDITY OF THE ALPHA 

HYDROGEN ATOMS SUBSTANTIALLY 
Having looked at the properties of enolate ions formed from ketones and esters, we 
now consider the properties of B-dicarbonyl compounds, which have two carbonyl 
groups bonded to a methylene or methine group. The most common of these are di- 
ethyl malonate and ethyl acetoacetate, which are also referred to as active methylene 
compounds because they are so easily deprotonated. Ethyl cyanoacetate, which has a 
carbonyl group and a nitrile group flanking a methylene group, is equally reactive. 


H :0: 10: H :0: H :0: 
ї 1 1 I tod Ld 
EtO—C—C-—C—OEt 

" H H 


Diethyl malonate Ethyl acetoacetate Ethy! cyanoacetate 


Molecules of this type exist partially as enols in which a proton forms a bridge be- 
tween the carbonyl oxygen atoms. 


^H... Hy 
О о о о О о 
M. AA 
H H H H 
Enol form Dicarbonyl form Enol form 


These molecules have рК, values between 8 and 14, and their enolate derivatives are 
stabilized by extensive delocalization of the electron pair. For example, ethyl acetoac 
etate reacts with sodium ethoxide in ethanol to form the sodium salt of the enolate ion. 
We can draw three good resonance structures for this anion. 


:0: :0: 2:0: :0:7 m T 
l ll 
CH;—C—C—C—OEt «— CH;—C T C—OEt < CH,—C f C—OEt 
| 
H H H 


A composite representation shows that the charge is delocalized over the five atoms 
comprising the two carbonyl groups and the intervening methine carbon atom. 


¢ 4 
сн, —С<& $ 
^ BUNC \ 


E. 


y " vi 
Draw resonance structures for the carbanions formed from diethyl malonate and eth: 


cyanoacetate. 


ane n à 


22.4 Dicarbonyl Compounds 


22.4b AN AcrivE METHYLENE COMPOUND IS READILY ALKYLATED 


One advantage of using an active methylene compound is that its enolate ion must 
form between the two carbonyl groups, eliminating any complication that results from 


the involvement of kinetic and thermodynamic factors. The carbanion between the two 


peting nucleophile. 

When the carbanion is treated with an alkyl halide, an Sy2 reaction occurs to gen- 
erate the alkylated product. The carbanion of an active methylene compound is a 
weaker base than a ketone or ester enolate, so elimination reactions are less common- 
place, except with tertiary alkyl halides. 


о 


Ї [ 
€H,—C—C—C—OEt CHACH) Er | | 


H 
NaOEt, EtOH I | 
> CH—C—C 


=—с^—>> 


(69-72%) 


A potential side reaction is dialkylation. Formation of a dialkyl compound occurs 
when the monoalkyl product donates a proton to the carbanion that is still in solution, 


which generates a second, competing nucleophile. Dialkylation can be made to pre- 
dominate if excess base is added to the active methylene compound in the presence of 
excess alkyl halide. For example, when an 0,,-dihaloalkane (a molecule with a halogen 
atom at both ends of a carbon-atom chain) is the alkylating agent and excess base is 


used, the product is a cycloalkane, formed by dialkylation. As is typical for ring-forming 


Teactions, three- to six-membered rings are the easiest to prepare. Attempts to synthe- 


size larger rings are often unsuccessful. 


OOF 1. NaOEt, EtOH ~ COOEt 
es У 
H;C 2. BrCH;CH;CH;CI CS 


COOEt 3. NaOEt, EtOH 


The overall mechanism proceeds in straightforward fashion and consists of two 
acid—base reactions and two Sy? steps. 


COOEt COOEt ^ COOEt 
Ec NaOEt | /- e er РА 
2 кон? HG Е HG CH,CH;CH;CI 
COOEt COOEt COOEt 
COOEt CH,—cH,—cH, t oad 
" NaOEt ard , COOEt 
S c8 cH cH; нон? EtOOC—Q | С 
COOEt COOEt 


1 i 
CH;—C—C—C—OEt 
CH,CH,CH,CH, 
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EXERCISE 22.15 


Show how you would prepare each of the following compounds by making use of a f- 
dicarbonyl compound and an organohalide: 


a. [e] b. о 


eon 
‘CH2(CH,)sCOOEt COOEt 


22.4c DECARBOXYLATION Occurs READILY WHEN A CARBOXYLIC Аср 
Group Is BETA TO ANOTHER CARBONYL GROUP 


The use of an active methylene compound solves many regiochemical problems in syn- 
thesis because of the specificity that can be ensured in its reactions with an alkyl halide. 
If the “extra” carbonyl group is not needed in the product, however, then starting with 
a dicarbonyl substrate just to obtain specificity would seem to make little sense. For 
example, to prepare 1-phenyl-3-pentanone (in the screened box, below), you might 
consider alkylating an enolate ion derived from 2-butanone. This scheme has all of the 
disadvantages inherent in making a specific enolate derivative of an unsymmetrical ke- 
tone. Employing a B-keto ester solves the regiochemistry problem, but then the prod- 
uct has an unwanted ester group. 


о о о о 
kuk 1. LDA, THF, — 78°С SORIN 1. NaOEt, EtOH 
юы? ee 
2. PhCH,Br Ph 2. PhCH;Br Ph 
COOEt COOEt 


Formation of the enolate specifically at 
this carbon atom will be difficult to achieve; 
polyalkylation may also occur. 


Formation of the enolate specifically at this carbon 
atom will be straightforward, but the product will 
have an ester group. 


Fortunately, the ester group can be easily removed from a -keto ester, simply by 
heating the compound with aqueous acid. 


o о 
h 9 ph + CO, + EtOH 


COOEt 


In step 1, hydrolysis of the ester group occurs as described in Section 21.4b. 


О (е) 
H;,07, А 
Ph 27 aN pn + EtOH 
COOEt = COOH 
A B-keto acid 


The f-keto acid formed by this hydrolysis reaction undergoes the facile loss of carbon 
dioxide by way of a six-membered transition state that creates an enol derivative. Tan- 
tomerism yields the ketone. 


H H 
о ro АА о 
ЖА V 1 tautomerism + 
mm Exo oY ^. Eso Uo 


22.4 Dicarbonyl Compounds 


This same procedure can be performed starting with diethyl malonate. In this in- 
stance, a carboxylic acid is the final product. (The numbered steps in the following 
scheme corresponding to the same steps in the foregoing example.) 


COOEt H. COOEt 
7 1. NaOEt, EtOH S А н, СООН 
„ЫЧ шын, H:0*, А A 
нс. 2. RBr PEN аы — 5 X 
COOEt К Coott Ч к^ “соон 


Diethyl malonate Initial hydrolysis product 


not isolated 

@ О. 

x о H “ 
H ЖЕ D 

YA — y A | [9] tautomerism 

Af HE А V ý R—CH,—COOH 4 
R =o < R t—oH e 

HO uo 


Initial hydrolysis product 


Table 22.5 correlates the structures of active methylene compounds and their de- 
protonated forms (carbanions) with the simpler carbanions derived from acetone, 2- 
butanone, and ethyl acetate. The compilation is useful when you are confronted with 
a retrosynthesis in which a disconnection can be made between the carbon atoms that 
are а and В to a carbonyl group. Example 22.3 illustrates such a strategy. 


Table 22.5 Active methylene compounds and their enolate equivalents. 


Reagent Carbanion Enolate ion equivalent 
o 1 o 
[e COOEt C. = -COOE | 
Pa t C. on 
н.с ИК “ча 
3 y HC i H3C CH; 
н н н 
Ethyl acetoacetate 
o 
[e COOEt | со | 
тч Zong COOEt г, 
H,C X нс ¢ H,C^  "CH—CH, 
H CH; CH; 
Ethyl methylacetoacetate 
С COOEt l = ,COOEt H | 
о OK но “С ^o^ сын, 
н\н | 


Diethyl malonate 


co, 
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EXAMPLE 22.3 


Propose a synthesis of the compound shown below from any organic compounds with 
or seven fewer carbon atoms. Make use of an active methylene compound as a Starting 


material. 
Cx CH;CH;COOH 
cl 


First, consider disconnections of the carbon skeleton. Breaking the bond between the 
two methylene groups reveals structures of logical nucleophilic and electrophilic reac- 
tants that make use of an enolate ion as the nucleophile. 


CH,-}-CH,COOH CH, _ 
a3 CL Br + 3CH,COOH 
d d 


The enolate derivative -CHCOOH requires the use of diethyl malonate (Table 22.5) 
as the starting carbonyl compound. Formation of its enolate derivative, followed by 
alkylation and decarboxylation, will yield the desired product. 


H COOH CH;CH;COOH 
„СОЕ! 4: NaGEL ROH uN okt feta АУ; " СН, 

H;C = С ———À C Eco EEG 

NX 2. CHBr / — 2 EtOH IN, " 
COOEt CX нс“ "cookt MK `соон с! 
а j" 
cl 
Not isolated 


EXAMPLE 22.4 


Starting with a suitable dicarbonyl precursor and any alkyl halide, show how you would 
prepare the following compound. 


о 


In the retrosynthetic analysis, we simply add an ester group to the substituted position 
a. to the carbonyl group of the product. Then we detach the alkyl substituent from that 
same carbon atom, revealing the dicarbonyl precursor (in its enolate form). 


О соок 


o o 
COOEt 
[js pem Cy + ве 
== => 


The synthesis is carried out by alkylating at the carbon atom between the two carbonyl 
groups. Hydrolysis and decarboxylation occur upon heating the keto ester with aqueous 
acid. 


22.4 Dicarbony! Compounds 771 
о о 
? соок: COOEt Ө соон 
H 1. NaOEt, EtOH H30*, A ^ 
2. CH3(CH,),Br — HOH 06.7 
Not isolated 


EXERCISE 22.16 


Show how you would prepare each of the following compounds by making use of a di- 
carbonyl precursor and any other necessary compounds and reagents: 


a. b. 


OA 


CH; 


ех EOOH 


22.4d DECARBOXYLATION or B-KETO ACIDS 15 AN IMPORTANT 
METABOLIC TRANSFORMATION IN BIOCHEMISTRY 


In the laboratory, taking advantage of the decarboxylation reaction of a B-keto acid pro- 
vides a convenient way to circumvent selectivity problems associated with simpler eno- 
late ions. In biological systems, these same decarboxylation processes are crucial to the 
success of several metabolic transformations. 

Along the pathway that defines the citric acid cycle, the alcohol group of (2R,35)- 
isocitrate is oxidized by NAD‘. The next detectable intermediate is o-ketoglutarate, but 
another species is formed first: a B-keto carboxylic acid. 


H Cor H СО; H H 
TOC + CO; SEE. "OC X co,-| ——» ко; ~O,€ Vi CO, 
2 
“ен bd 2 2 “ен с 2 2 сн b d 2 
н он о о 


QR,3S)-Isocitrate B-Keto acid structure a-Ketoglutarate 

The mechanism for this enzyme-catalyzed reaction is not much different from the 
Corresponding reaction that takes place in solution. Loss of carbon dioxide produces 
an enolate ion, which is stabilized by interacting with a manganese(II) ion at the en- 
zyme active site. In solution, a B-keto carboxylic acid is protonated to form a neutral 
enol that subsequently undergoes tautomerism (Section 22.4c). In this enzyme active 
site, the metal ion associates with the original ketone group to accept the electrons do- 
nated by the carboxy group as it is converted to СО». 


Enolate 


Stabilized by 
Mn(ll) ion 
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Subsequently, the enolate ion does react with a proton to generate the ketone 
product, which dissociates from the enzyme active site. 


a-Ketoglutarate 


22.5 REACTIONS OF AMIDE AND IMIDE IONS 


22.5a AMIDE IONS CAN BE ALKYLATED 


Carboxylic amides are weak acids (Section 22.1c), so their conjugate bases—carbox- 
amide ions—are strong bases, about the same order of basicity as hydroxide and alkox- 
ide ions. A carboxamide ion reacts in ways similar to those seen for a ketone enolate 
ion; the difference is that a nitrogen atom, rather than a carbon atom, is the nucle- 
ophilic atom. : : . : р 

An amide is prepared by reaction of ап amine with an acid chloride (Section 
21.3a). Deprotonation is accomplished using a base such as NaH in an aprotic M 
like DMF. Benzamide derivatives are used most frequently to make a nucleophilic 
amide ion because there is no proton alpha to the carbonyl group besides the one on 
nitrogen. 


o 
сос! o 

of NH—R ман, DMF N:^ Nat 
R—NH, one * ——— l 


Schotten-Bauman 
procedure (Section 21.3a) 


This carboxamide ion can be used subsequently in reactions with alkyl halides. Me 
more, the alkylated product can be hydrolyzed to form an amine. Use of acid int od 
drolysis step requires the addition of ОН” in order to obtain the neutral amine product 


о о Р 
ue nee wi N—R' т. но / һсоо- 
| ———À | lor? ШЕ +P 
R R R' 


An analogous procedure can be carried out starting with an amine and "es 
sulfonyl chloride. The anion of the benzenesulfonamide derivative is less basic ms 
amide ion, so elimination side products are less likely to be formed. Hydrolysis 9) dii 
fonamide is conducted using aqueous sulfuric acid, and addition of OH is reque 
obtain the neutral amine product. 


50:81 x 
O SO;—NH—R b y А 
R—NH; pyridine СУ њот? HEN + PhSO, 


4. OHT 
A benzenesulfonamide 


[Е XERCISE 22.17 
Show how you would prepare pure samples of butylamine, dibutylamine, and tributy- 
lamine from 1-bromobutane and any necessary reagents. Recall that amides can be re- 
duced to form amines (Section 21.8b). 


22.5b THE HOFMANN REARRANGEMENT TAKES PLACE DURING 
HALOGENATION OF A PRIMARY AMIDE 


Just as a ketone can be halo ic conditions (Section 22.2c), halogena- 
tion of an amide is accomplished using base and bromine (chlorine can also be em- 
ployed). The nitrogen atom is first deprotonated by the base, and the nucleophilic 
amide ion reacts in Step 2 with Bro, displacing bromide ion and forming the corre- 
sponding Mbromoamide derivative. 


о O^ о 
eli. О ова CI Lame l — 
= г г 
R^ ^w" @ R^ Sy Э ge © 
н н H 


If the reaction begins with a primary amide (as it does in this example), then the elec- 
tronegativity of bromine makes the second proton more acidic than those in the starting 
material. Deprotonation with base yields the N.bromoamide ion. Rather than undergo- 
ing a second reaction with bromine, this ion collapses to regenerate the carbonyl group 
by rearrangement: The R group migrates from carbon to nitrogen. This step occurs with 
the displacement of bromide ion and formation of an isocyanate molecule. 


со 9 
l B c | CB 
Г r — > O=C=N—R + Br 
и те RW g 
| An isocyanate 


Isocyanates have an electrophilic carbon atom, so they react readily with nucle- 
ophiles. Under the reaction conditions used for halogenation of a primary amide, hy- 
droxide ion is present; it can add to the carbonyl portion of the isocyanate group to 
form a carbamic acid after protonation. 


HO HO H 
аы 3 5 1 
QTC—N—R === S з=. СМ + ow 
Ci © d 


A carbamic acid 
(unstable) 


Carbamic acid derivatives are normally unstable and decompose to form an amine 
ànd carbon dioxide. 


N OH \ Z но _ 
Je MES fy, E > — R-NH, + CO, + OH 
KC Ko 9 
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The overall process that comprises the foregoing steps can be represented by the equa. 
tion shown below, which is the Hofmann rearrangement. 


A. 

H х„ он”, H20 

25 жа, a] 

R N Eel BF R—NH, + CO, 


The scope of the Hofmann rearrangement is quite broad, encompassing alkyl, 
aryl, and heterocyclic primary amides as substrates. If the R group attached to the car- 
bon atom is chiral, it migrates with retention of configuration. 


o 


| Он”, Br, 
OW 8 . ^ (CHj,CCH,—NH, (94%) 


c 
(CH),CCH// “мн, "9^ 


Br CONH; Br NH; 
OH”, Br, (87% 
H,0, А 6) 


EXERCISE 22.18 


Ifan alcohol and alkoxide ion are used in the Hofmann reaction, а carbamate ester is 
obtained. These compounds are stable, but they can be hydrolyzed later to produce the 
carbamic acid, which will decarboxylate to form the amine. Propose a reasonable 
mechanism for the following transformation: 


l Br, NaOCH; М 
SNH, СНОН ilie cud 


22.5c THe GABRIEL REACTION MAKES USE OF ALKYLATION OF IMIDES 


Just as an active methylene compound is more acidic than a ketone or ester (Section 
29 42), imides, which have an NH group attached to two carbonyl groups, are more 
acidic than amides. The pK, value for the NH proton of a typical imide is ~ 6. 


° о 
© рК, = 16 N—H pK,76 
R^ "NH; ? и 
[9] 
Succinimide 


Resonance structures that can be drawn for the anion of succinimide are similar 10 
those of the active methylene compounds (Section 22.42) in which the negative charge 
is spread over five atoms. 5 

In Section 22.5a, you learned that a carboxamide ion can be alkylated. An imide 
ion likewise can act as a nucleophile. A good way to make a primary amine is the 
Gabriel reaction, which employs the phthalimide ion as a nucleophile. 


Chapter Summary 


О [e] 
KOH 
NH — NS К? 
o 
Phthalimide Potassium phthalimide 


The ne 


А iv 
pete, a ~ charge on the nitrogen atom makes the phthalimide ion a good nucle- 
Куры his ion reacts with an alkyl halide by the Sy2 pathway to form an № 
compoyy de derivative. After isolation and purification, the N-alkylphthalimide 
phthalic acid, hydrolyzed to liberate the primary amine and the conjugate base of 


Q 
o о 
н 
NS kt кф. кон Oo Kkt 
> МА ——— > N-R + 
© H0, А O^" Kt 
о @ H 
о 
Hydra A 
us cd aia 
derivative П ethanol is often used to liberate the amine from an N-alkyl-phthalimide 


-Pr : 
Ороѕе a reasonable mechanism for the following reaction. 


[e] 
Ё" 
NH;NH;, А NH 
N—R :N—R + 
EtOH / NH 
H 
o [e] 
Sect 
ection 2 Р : CHAPTER SUMMARY 
. Acidity of carbonyl compounds 


€ acidi А n " 
Conjy idity ofa carboxylic acid can be attributed to resonance stabilization ofits 
* Sate base, the carboxylate ion. 


Stitutian ; 
romance in the carbon framework of a carboxylic acid, whether aliphatic or 
“ес, ©, affects its acid strength аз a result of inductive effects related to the 
. : n-donating or electron-withdrawing nature of the substituent. 
; n 
its * CE ofa carbonyl group makes a carboxylic acid amide more acidic than 
Siu gous amine, and a ketone more acidic than its corresponding hydrocarbon. 
оп 
2. 
° 2 Enols and enolate ions 
€ са А Я 
rbanion generated by deprotonating a ketone is called an enolate ion. 


no 
ate i : А 
Of an ©. lon formation can also be considered to be the result of deprotonation 
Ы Nol, also called а vinyl alcohol. 
eno]; A 
Ы nol Ol is the tautomeric product of a carbonyl compound. 
5 : Р : п 

9f a]q K enolate ions are important intermediates in isomerization reactions 

. “nydes and ketones. 


rl 
On D " А n ‚ s, B 
Carb, yl transposition is an essential process in the isomerization reactions of 


© Е раак 
* А hydrates, and it occurs with involvement of an enediol. 
Mizati i i 
eno] Zation of a chiral center adjacent to a carbonyl group can occur via the 


fe) БИШЕ М 
Т enolate derivative, both of which are achiral. 
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e An enolate ion reacts with chlorine, bromine, or iodine, leading to replace. 
ment by a halogen atom of a proton that is bonded to the carbon atom adjacent 
| to the carbonyl group. 


• A methyl ketone can undergo three successive halogen substitution reactions, 
In the presence of strong base, the carbon-carbon bond is then cleaved, a trans. 
formation called the haloform reaction. 

e Halogenation © to а ketone carbonyl group can take place under acid condi- 
tions, and substitution can be stopped after a single proton has been replaced, 

* To prepare an enolate ion in high yield, a ketone is treated at low temperature 
with a strong base like LDA (lithium diisopropylamide) or KH (potassium 
hydride) in an inert solvent such as THF. 

• Many unsymmetrical ketones can yield two different enolate ions. The one 
formed faster is called the kinetic enolate, and the more stable one (the one 
with the more highly substituted double bond) is the thermodynamic enolate, 

* Strong base and low temperature favor formation of the kinetic enolate. 


• The presence of excess ketone and ambient temperature favors formation of 
the thermodynamic enolate. 


Section 22.3 Reactions of enolate ions 

e An enolate ion acts as a nucleophile in the Sy2 reaction. Primary alkyl halides 
work well, but secondary and tertiary halides undergo elimination because an 
enolate ion is a strong base. 

e An enolate ion reacts with PhSeCl to bond a phenylselenium group ©. to the car- 
bonyl group. Treating this phenylselenide product with НО» leads to elimina- 
tion of the PhSe group and formation of an o, f-unsaturated ketone. 

e An aldehyde enolate undergoes self-condensation, so itis difficult to alkylate an 
aldehyde directly at the carbon atom © to its carbonyl group. 

e Esters and nitriles form carbanions that can be alkylated at the carbon atom a 
to the carbonyl or nitrile group 


Section 22.4  Dicarbonyl compounds 
© Molecules with two carbonyl groups flanking a methylene or methine group аге 
called active methylene (or methine) compounds because the carbon atom be- 
tween the carbonyl groups is readily deprotonated. 
e The most commonly used active methylene compounds in synthesis are ethyl 
acetoacetate and diethyl malonate. 


e An alkoxide ion in alcohol is able to deprotonate an active methylene compound. 

e The enolate ion derived from an active methylene compound is readily alkylated. 

e A ketone, ester, or carboxylic acid with a COOH group attached to the carbon 
atom @ to its carbonyl group undergoes facile decarboxylation upon heating. 

e Decarboxylation of a [-keto acid or B-diacid is an important process in several 
metabolic transformations. 


Section 22.5 Reactions of amide and imide ions 


• The amide ion is nucleophilic and will participate in Sy2 reactions with alky! 
halides. Sulfonamides react in the same fashion. 
and the 


* In aqueous base, a primary amide undergoes halogenation at nitrogen, 
and de- 


intermediate subsequently rearranges to form an isocyanate. Hydrolysis 


carboxylation occur in the aqueous medium to produce a primary amine. 


• The conjugate base of phthalimide is alkylated at its nitrogen atom. Hydrol 
generates a primary amine, a transformation called the Gabriel reaction. 


ysis 
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АА 
Section 22.14 Section 22.2с Section 22.5 Бн 
enolate ion haloform reaction Hofmann rearrangement 
Section 22.2a Section 22.2e Section 22. 5c 
enol kinetic enolate Gabriel reaction 


thermodynamic enolate 
Section 22.2b d 9а 


carbonyl transposition Section 22.4a 
enediol active methylene 
compound 


Section 22.1e REACTION SUMMARY 


Lithium diisopropylamide (LDA) is a strong base used to make enolate ions. It is made 
from the reaction of diisopropylamine with butyllithium in THF. 


М-Н ———> N^ Lit + CHo 
LDA 


Section 22.2a 


Enol formation, which is an example of tautomerism, occurs when a proton alphatoa 
carbonyl group moves to the carbonyl oxygen atom, concomitant with isomerization of 
the double bond; the process is catalyzed either by acid or base 


о он 
H aqueous 
H acid or base Sy H 
ә 
Keto form Enol form 


Section 22.2b 


Carbohydrates undergo positional isomerism via an enediol intermediate, leading to 
carbonyl transposition. 5 


H 
H О H OH H OH 
H OH | он o 
———— Е 
H f OH H——OH H OH 
Aldose Enediol 2-Ketose 


intermediate 


Е „ГКҤҮГҮГҮ ГТ 5 
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A chiral center @ to a carbonyl group undergoes isomerization (racemization or 
epimerization) via an enol intermediate. 


o OH 


9 R 
Н R i PAH 
z acid or base BEN acid or base B 
uM ———— 
————— 


Section 22.2c 7 
A ketone undergoes halogen substitution under basic conditions at the position à to 
the carbonyl group 


о 
o [9] 
H H X 
Се х, OHT x X, OHT X 
(x= CI, Br, 1) 


The haloform reaction. The three methyl protons of a methyl ketone undergo substi- 

tution by halogen atoms, followed by an addition-elimination step. The products аге 
a carboxylic acid salt with one less carbon atom and trihalomethane. 

o 

1 Xa OH" (xs) 1 


+ CHX 
Anon (x = Cl, Br, D R o- 3 


A ketone undergoes halogen substitution under acidic conditions at the position 0. to 
the carbonyl group. Halogenation can be stopped after a single substitution step. 


o о 
н н 
С X, но? x 
— > 
(X = Сі, Вт, 1) 


Sections 22.24 and 22.2e | 

The enolate ion derivative of a ketone is formed by deprotonation with LDA in THE or 
KH in THE. Unsymmetrical ketones can form two different enolate ion derivatives, re- 
ferred to as the kinetic (faster formed) and thermodynamic (more stable) enolate. 


о o- Lit 


Section 22.3а 


Ketone enolate ions react with alkyl halides by the Sp2 pathway. Primary alkyl um 
and sulfonate esters are the best substrates; 2° and 3° substrates undergo elimination. 


o- Ш“ о 


Reaction Summary 


Section 22.3b 


Ketone enolate ions react with phenylselenium chloride. Oxidation with hydrogen 
peroxide leads to elimination of PhSeOH and formation of o, unsaturated ketones. 


o- Li* о A 
H SePh 
N PhSec! H ie: H 
ce | + PhSeoH 


Section 22.3d 


Ester enolate ions and nitrile carbanions undergo alkylation. 
о o- Lit о 
H , LDA, THF H 4 RX R 
a = ^or ecu OR' 
R” R” R” 


Section 22.4b 


The enolate ions derived from active methylene compounds are readily alkylated under 
milder conditions than those required for ketone or ester enolate ions. 


о о о О 
I l NaOEt ! l RX I | 
d et 4 = X c c 
EtO bs Sort МОН во“ Bo "ott но“ у: 4 ott 
н H H Na* н К 
Section 22.4c 
B-Keto acids or f-diacids undergo decarboxylation upon heating. 
l l ^ l 
— € н + 
R^ “СО Хон Meo со; 
/\ /\ 
H 
Section 22.5a 
Amide and sulfonamide ions are readily alkylated. 
WT V 
ane ^H 1. ман, DMF РА x, «Н 1. Ман, DMF nye 
Y 2. 'X m 1 m Л 2. R'X Ph l 
H H H 


Section 22.5b 


The Hofmann rearrangement. A primary amide reacts with excess halogen and hy- 
droxide ion to produce an amine with loss of the carbonyl group. The reaction pro- 
Ceeds via rearrangement to form an isocyanate. 


О о 
н X, OHT Д. X ow s 
| xzas ^ К М > R—NeC-0 — > АМН, 
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Section 22.5c u — 
The Gabriel reaction. An alkyl halide undergoes substitution by phthalimide ion; hy- 
drolysis liberates the corresponding amine. 


о 
Р Р, 
c \ H;0, OH, А 
—g OU, R—NH 
RX + WC Kt —— Cr N—R 2 
c EN 
№ o 


ISES | | 
акышы 99.90. Draw the structure of the conjugate base derived from each of the following 


compounds: 
a. Methyl phenylacetate 
c. 3-Cyano-2-butanone 


b. Ethyl 4methylpentanoate 
d. 1,3-Cyclopentanedione 
22.21. Draw the structure of the enol form of each of the following compounds: 


a. 2,2-Dimethylcyclohexanone b. Pentanal 


c. Isopropyl acetoacetate d. 1,2-Cyclohexanedione 


99.99. Draw at least two good resonance structures for each of the following anions, 


showing all unshared electrons: 
b c. CH,0$0,7 
a. А 


92.93. Circle the most acidic proton (s) in each of the following compounds and give 


its approximate pK, value: 


a b. с 
| о 
1 i 
| — Ho cto 
CH,;—CH—CH,—C—OCHs CH; сон 
е, 
а. 
Hi son ? 
Hcc CH,—C—CH,—C—OCH; 
2 
о 


th 2 equivalents of LDA in THF, producing р d 
for this species and explain why it is able to form: 


99.94. Ethyl acetoacetate reacts wi 
ion. Draw resonance structures 
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22.25, Arrange the members of each set of compounds in order of decreasing acid 
strengths (review the material presented in Section 5.2c). 


a. 
OCH; 


| d 
Ps aga ~A coon ANA coon 


о о о а 
OC С Oy o> 
NO, NO, сн, 


О О o 
1 I | 
CH,CH,CH; “осн; CH,CH,CH; “сн; CH;CH,CH7 "N(CHj) 


22.26. For the carbanion species listed in the following table, prepare a summary 
chart in the format given below. 


лт 


General structure of the 
General structure of Approximate pK, Base and solvent product after reaction 
Type of carbanion starting material required of starting material required with an alkyl halide, RX 


Ketone enolate 
Ester enolate 

Nitrile carbanion 
B-Keto ester enolate 


B-Diester enolate 


22.27. А conjugated o; .-unsaturated ketone is normally more stable than the corre- 
sponding D,y isomer. In the compound below, the D,-unsaturated ketone has the 
more highly substituted double bond, so a measurable amount exists at equilib- 


rium. Propose a mechanism for the following isomerization process, which pro- 
ceeds via the enol form: 


E 
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f the fol- 

2 Draw the structure(s) of the major product(s) expected from oe en oe 

lowing reactions. Indicate the stereochemistry A the d pis үк à de mic 22.32. As you know, the sequence of reactions in synthetic operations is crucial. The 

с ; ing wedges an: i : ; А : р 
tive stereochemistry gee be pats Au ae enantiomer and write the word сиы ои пл uu "m the order that the steps are done. What is 
j i w the stru s ; 

mixture will Ee el omen structures. If diastereomers are formed, draw the product of each sequence? ( is a peracid.) 

“racemic”, or draw both en и i write N.R. 

each structure; label meso compounds as such. If no reaction occurs, 


22.31. What reagents would you use to carry out each reaction in Exercise 22.29? 


О 1. МСРВА x О  1LDA, THF — 78°С 
T» ST 
С 2. LDA, THE, — 78°С Ti 2. CH,CH;Br E 
ô £ З. CH;CH,8r 3. MCPBA 
* сосн; 1. LDA, THF, — 78°С | 
_1.LDA, THE, — 78°С | xu A 7 XS Show how you would prepare each of the following compounds from 1- 
2. гв da ү pentanol and any reagents and solvents. More than one step may be needed. 
3. H202 
a. о b. с: | d. 
А . NE NAA COOCH; NN OCH 
b. i о 9 1. NaOEt, EtOH м icd з 
—M— —À 
о 2. CH,CH;CHCI А . 
Cl, H30 насо 3.607, А «$4. Starting with diethyl malonate or ethyl acetoacetate and any other organic 
CH compounds with seven or fewer carbon atoms, propose a synthesis for each of the 
3 P prop yn 
following compounds: 
h. | a. b. €: 
© : imi 1 
o 1. potassium phthalimide NH 
NOE БРОЕВЕ. 2 a 
ү _1рдтнь = 78°C Zo gr Pudor = bo aid csl 
М. 2. CH,—CHCHBr о 
сн, Я COOH 
d. 5 33485 Show how you would prepare each of the following compounds in enan- 
о б |. tiomerically pure form using the given starting material and any other organic 
2 1. LDA, THF, — 78°C : compounds that have one or two carbon atoms. You may use any reagents and sol- 
1. LDA, THF, — 78°C ache 7 
ыы 2. CH;CH;CH;Br vents needed. 
т 3. Cyl o 
CH; a. 24 Ъ. 
1 о coon Br OH 
2 J: а 
А c 7 СМ кру THF, 78°C, from from O 
CONH, 02:09 mee, Z. PhcH,Br 
he! 1 -36. Тһе Curtius rearrangement is similar to the Hofmann rearrangement, and heat- 
Я di inci ab- 
: $9. In performing each of the following reactions, indicate the principal IR 2 


ing an acyl azide produces an isocyanate. Pro 


e re- "NA 
rptions that you would look for in the reactant and product to ensure that th reaction: 
so 


i iti 1), 1 sity 

1 ible: list the position (cm™'), intensit} 

action was successful. Be as specific as possible: lis Š р rar oae дүе | 
(weak, medium, or strong), and shape (sharp or broad) о g 


NP N 4 
tion band(s). { N 


—N-—N- NNN CSO + N; 


pose a mechanism for the following 


а. о 9 b: о o 1 "37. Ап асу! azide is made from an acid chloride and azide ion. Propose a mecha- 
rr ee 5 ИГ Р á ] nism for the following reaction: 
н 
| T Ї 
1H and NaN; 
22.30. For the reactions shown in Exercise 22.29, repeat the process for the CH —C—CI e: Cu Ha — C—N, 


H p H i n- 
broad-band ІС NMR spectra. List, as applicable, the chemical shifts, integrated i 
tensity values, splitting patterns, and DEPT results. 
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22.38. Identify each of the following compounds from its ЇН NMR spectra. All of the 


Jvalues = 7 Hz. 
a. Ci3Hu Os 
(3) (3) 
г 
a 
5 
i (5) (2) (1) (2) 
| |. _ 4 
T E $T =] | 
в 6 5 4 3 2 1 0 
$ 
b. СН О» 
(3) 
э (2) (2) (3) 
E 
v 
E 
= = ү | | T 1 j 
T T T T 
12 11 10 9 4 3 2 1 0 
$ 


i 1 1 i kes 
29,39. When 2-bromocyclohexanone is treated with base, a ring contraction b 
place instead of the expected E2 reaction. Propose a mechanism for this |y a 
mation, which is called the Favorskii rearrangement. (Hint: Compound Cis ап1 
mediate.) 


coo" o 
Br н 
a5 + HO + Bro 


a ee EI E er ret m 


Gt Sis Yr 


Additional Exercises 


2346 Compound A, CSH,1NO, reacts with aqueous sodium hydroxide and bromine 
to produce B. The IR spectrum of A is shown below. When B is treated with di- 


methyldioxirane, compound C is formed. The IR and ЇН NMR spectra for com- 
pound C are shown below, too. Draw structures for A, B, and C. Cg 


Compound A 


100 7 pen 


80 4 


со МН», 


60 ~ 


Transmittance, 96 


T E T T T T 
4000 ae 2600 2200 2000 1800 1600 1400 1200 1000 


бе? 
Compound С 
100 ee 


80 + 


Wavenumbers, cm^! 


o 
© 
| 


Transmittance, % 
D 
© 
| 


N 
© 
| 


ОАА АБ | T T T 
' 4000 3400 3000 2600 2200 2000 1800 1600 1400 1200 1000 
Wavenumbers, cm! 


Compound C i 3 


CH= С, 
\ 
CH. 
3 
=, | 
== | 
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CHAPTER 


23 


THE NUCLEOPHILIC ADDITION 
REACTIONS OF ENOLATE IONS 


23.1 THE ALDOL REACTION 

23.2 CROSSED-ALDOL REACTIONS 

23.3 THE CLAISEN CONDENSATION 

23.4 CROSSED-CLAISEN CONDENSATIONS 
CHAPTER SUMMARY 


The previous chapter (Chapter 22) described the properties of enolate ions and how 
they can function as nucleophiles in substitution reactions. Given that a carbonyl car- 
bon atom is electrophilic, it should not surprise you to learn that enolate ions can add 
to a C=O double bond, just like Grignard reagents, for example. Addition of an enolate 
ion to a carbonyl group forms a new carbon-carbon bond. 


Hon "O. 2:0: 0. 
© У, [1 7 
pq + :с— С > Creer —— etc 
&* / \ ||] X 
Carbonyl compound Епоіаїе ion 
New carbon-carbon bond 
Electrophile Nucleophile 


The addition reaction between an enol or enolate ion and a carbonyl compound 
can be classified in one of two ways. 


1. The aldol reaction comprises the addition of an enol or enolate ion to the carbonyl 
group of an aldehyde or ketone. 

2. The Claisen condensation is the addition—elimination reaction between an enolate 
ion and the carbonyl group of a carboxylic acid derivative, most frequently an ester 
or acid chloride. 


An entire chapter is devoted to this seemingly specialized topic because these two 
processes play a crucial role in the making and breaking of C-C bonds during many 
chemical reactions of biosynthesis and metabolism. 


23.1 THE ALDOL REACTION 


23.1a THE SIMPLEST ALDOL REACTIONS INVOLVE THE 
SELF-CONDENSATION OF ALDEHYDE MOLECULES 
The aldol reaction was named in 1872 by Charles Wurtz, who prepared 3- 


hydroxybutanal, which has the trivial name aldol, via self-condensation of acetalde- 
hyde. This reaction can be catalyzed either by acid or by base. 
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н о н OHH о 
РЕ ЕЕ 
ho TE 

Acetaldehyde 3-Hydroxybutanal (aldol) 


The base-catalyzed aldol reaction is the more commonly used, and its mechanism 
begins with formation of a resonance-stabilized enolate ion. 


н о. "O. 

l2 47 ör 2 4 zs 
H—C—C == u—C—C + HÖ 

| X O [ON 

H H H H 


The pK, of the protons alpha to the carbonyl group of the aldehyde has a value of ~ 20, 
so in an aqueous solution, only a small amount of enolate ion exists. Because a large 
amount of the aldehyde is still present at equilibrium, the enolate ion has a suitable 
concentration of electrophilic centers with which to react. Addition occurs to form a 
new carbon-carbon bond. 


H Co. "o. н :Ö: H :0: 

| ©”. > 0 rid 
с=с а == а Eh 

H H H H © H H 


The alkoxide ion formed by this addition step removes a proton from water in the 
final step, which regenerates hydroxide ion and produces the B-hydroxyaldehyde. 


H ӧн oN f н :ÓH H :O: 

|I | P d H--ÓH I | Id — 
UR E g б pe + :OH 

ннн H H H 


23.1b DEHYDRATION OF THE ALDOL PRODUCT OCCURS 

BY AN E1cB MECHANISM 
The product of the aldol reaction also has protons alpha to the carbonyl group. If hy- 
droxide ion removes a proton from this o-carbon atom, an enolate ion is formed. Two 
reactions are possible: 


1. Condensation with one or more molecules of aldehyde to form trimers, oligomers, 
and so on. 
2. Elimination of water—dehydration—to form an a.,B-unsaturated aldehyde. 


Although trimers and other oligomers can form, this reaction is of little interest or 
significance. Elimination of water is common, however, so it is worthwhile to look at the 
mechanism by which dehydration occurs. 

If hydroxide ion removes a proton alphato the carbonyl group (Step 1, below), the 
electron pair on carbon moves to displace hydroxide ion (Step 2) and create a C=C 
double bond. This elimination process is driven by formation оРа x bond that is con- 
jugated with the carbonyl group, the stability of which offsets the energy required to 
displace and solvate the highly basic leaving group (hydroxide ion). 

:ÜH н :0: 
| | 
C— 
| 


We 
ze 

A= 

| 

c 

П 
оа 


1 
т—с—^—ҥ 


H 


23.1 The Aldol Reaction 


Elimination reactions of this type differ from those presented in Chapter 8 because 
the carbonyl group facilitates formation of a carbanion prior to displacement of the 


| EXERCISE 23.1 


Draw structures for the two products—the B-hydroxyaldehyde and the 0. -unsaturated 
aldehyde—formed by the base-catalyzed aldol reaction of propanal. Show the mecha- 
nism of each step by depicting electron movement with curved arrows. 


23.1c THE AciD-CaTALyzep ALDOL REACTION Occuns VIA AN ENOL 


The aldol reaction can also take place under acidic conditions, but an enolate ion does 
not exist in acid solution, so the nucleophile is the enol (Section 22.22). 


н m 
Бе) 
| 4 Hot \ " 
xm Tea os. Acid-catalyzed enolization 
H H H H 


Because enols are very weak nucleophiles, the aldehyde carbonyt group (the elec- 

шне о must be activated, which is accomplished in Step 1 by protonation 
ection 18.1c). In Step 2, the enol adds to this activated carbonyl i 

to carbon-carbon bond formation. uc 


Deprotonation complet i 
(Step 3). n completes the sequence and yields the P-hydroxy aldehyde product 


~ + 
Ho H cu HO H 
но \/ 1 
[s 2С === + 
нс “ен “н © ae Sets + оно 


4 This initial product can undergo additional acid-base reactions, which lead to 
nee of an o,B-unsaturated aldehyde. The dehydration mechanism is E2, not 
1с, because no conjugate base is formed. Instead, the OH group is protonated to 
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form a good leaving group (Step 4), and a concerted elimination process (E2) forms 
the unsaturated aldehyde (Step 5). 


К 
N o н о 
К ман f фо -" 
+ HOt === с c === РАДУ з0* 
è © HC OK “н © HC “е 
N | 
H H H 


EXERCISE 23.2 


Repeat Exercise 23.1 for the acid-catalyzed aldol reaction of propanal. 


23.1d THE RETROALDOL REACTION BREAKS A CARBON-CARBON BOND 
Whether the aldol reaction is catalyzed by acid or base, it is reversible, so a retroaldol 
reaction (recall that “retro” means reverse; Section 10.4b) can occur, breaking a C-C 
bond. In the first step of the base-catalyzed retroaldol reaction, hydroxide ion removes 
the proton from the OH group. 


nH а 
ү м ҮРҮ 
Ld x 
ааа y + он == H a с C—H + H0O 
н | | ннн 


An electron pair оп the oxygen atom then moves to regenerate the carbonyl group, 
forming a molecule of aldehyde and an equivalent of the enolate ion. 


H б: H :0: н о. H о 
2 | 77 PUER b 

H iL Ем н == «ce + fac 
е 9 d. 4 Y 


The facility of the retroaldol reaction depends on steric effects at the positions E 
and В to the carbonyl group. Any [-hydroxy aldehyde is a reasonable candidate for 
retroaldol cleavage, however. 


| EXERCISE 23.3 


Propose a mechanism for the retroaldol reaction of 3-hydroxybutanal in aqueous acid. 


1 


23.1е KETONES CAN UNDERGO THE ALDOL REACTION 


With its enolizable and reactive carbonyl group, a ketone can also undergo the aldol re- 
“ » 
action, a transformation that was discovered 34 years before the actual “aldol” reaction 


2 LE] 


23.2 Crossed-Aldol Reactions 


was named. For ketones, however, steric effects frequently make the retroaldol process 
more favorable, meaning that the equilibrium favors the starting ketone. 


Ae RR 


These equilibrium conditions unfavorable to the aldol reaction can be overcome 
by choosing conditions that lead to elimination of water and formation of the а,В- 
unsaturated ketone. Acidic conditions are therefore more appropriate for carrying out 
the aldol reaction of ketone substrates. For example, acetone undergoes an aldol re- 
action to form 4-methyl-3-pentene-2-one; this transformation is catalyzed by an insolu- 
ble acidic polymer, abbreviated H-(P). 


1 ph 
С H—P С, С 
2 ЊСТ “ен, ew d “ch; 
H 
Acetone 4-Methyl-3-pentene-2-one 


ў 
L 


Propose a mechanism for the acid-catalyzed aldol reaction ofacetone to form 4-methyl- 
3-pentene-2-one. 


—————————— uL 


23.2 CROSSED-ALDOL REACTIONS 


23.2a THE CROssED-ALbOL REACTION IS PRACTICAL WHEN ONE 
COMPONENT LACKS A PROTON ALPHA TO THE CARBONYL GROUP 


The condensation reaction between two different molecules of an aldehyde or ketone 
in a protic solvent such as water or alcohol constitutes the crossed-aldol reaction. Such 
processes are normally impractical because of the different combinations with which 
the two molecules can condense with each other. If one of the reactants has no proton 
adjacent to the carbonyl group, however, then it cannot form an enolate ion. There- 
fore, the crossed-aldol reaction between an enolizable aldehyde or ketone and a non- 
enolizable molecule is practical. The enolizable reactant is usually added slowly to a 
solution of the non-enolizable component in base. Ketones, which do not react rapidly 
with themselves under typical base-catalyzed aldol conditions (Section 23.1e), are par- 
ticularly useful reactants in combination with a nonenolizable aldehyde. 

А common substrate for the crossed-aldol reaction is an aromatic aldehyde, which 
has no o-proton. Furthermore, dehydration of the initial condensation product is 
rapid, which leads to formation of the 0, unsaturated ketone and prevents the retroal- 
dol reaction from taking place. 


о 


о 
cho NaOH, H;O 
аон, н, 

з Ы СТ OH” di (90%) 
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io: :6:- 
он x^ $ H20 
©) 


EXERCISE 23.5 


i i i the о. 
Continue the steps in the preceding mechanism, showing how formation of B 
unsaturated ketone occurs. 


If the ketone can form only a single enolate ion, then only one crossed-aldol prod- 
uct is formed. 


oar С” С) 


(E)-1,3-Diphenyl-2-propen-1-one 
(chalcone) 


iti rod- 
But an unsymmetrical ketone that has protons at ud i dient d ae Gee 
j i hat derives from the kine 

. The major product is the one 1 d 

E The Chole for this result makes use of the fact that the колы үшын oR 

the thermodynamic enolate undergoes a retroaldol reaction faster than i Mon 

2 water. For the product formed from the kinetic enolate, dehydration ; 

na t 1 

which shifts the equilibrium toward that product. 


Elimination is faster than the aldol or retroaldol process. 


OH O о 


SS 
—H,0 
T эш _-но O^ 
CHO о 
он- 
СУ + л он о "t 


slow step eae 
I 


The retroaldol process is faster than elimination. 


\ 


Minor 


; 


23.2 Crossed-Aldol Reactions 


EXAMPLE 23.1 


Draw the structure of the m. 


ajor product expected from the following crossed-aldol 
reaction: 


- CH3 


NaOCH, 
С} + C M uo сно? ? (75%) 


ы. 


This is an example of a crossed-aldol reaction between a ketone 


H 
"EDS CH; H сн, 
[а Ка ы 
о = 07 + o7 
H 2 H 
H H H 


Themodynamic Kinetic 
enolate enolate 


A crossed-aldol reaction that starts with an unsymmetrical ketone Will yield à major 
product by reaction of the kinetic enolate. Therefore, the mechanism will take place by 


addition of the kinetic enolate ion to the carbonyl group of the aldehyde; protonation 


of the resulting alkoxide ion by the solvent will produce the B-hydroxy ketone shown. 


CH, CH; 
NV. о 
о C Ө! О 
H 9 H x 
H OH 


A B-hydroxy ketone in base will undergo dehydration by the Elcb mechanism; this 


Process is particularly favorable when the aldehyde is aromatic. 


= © N o 
Со Qo- 0-7 
HC 4 c 


Н; 


+ он” 


H3C 
Predicted major product 


EXERCISE 23.6 


Draw the structure of the maj 


Or product expected from the following crossed-aldol 
reaction: 
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23.2b DiRECTED-ALDOL REACTIONS MAKE USE or SPECIFIC 
ENoLArE DERIVATIVES 


If the aldol reaction is carried out in an aprotic solvent by treating a preformed enolate 
derivative with an aldehyde or ketone, then a directed-aldol reaction occurs. (Enol de- 
rivatives with boron- or silicon-containing groups can also be used but are not covered 
here.) The simplest type of directed-aldol reaction begins with formation of an enolate 
ion by deprotonation of a carbonyl compound with LDA (Section 21.1c) in THE In the 
following example, an ester enolate ion is prepared, and then it is treated with a ketone 
in Step 2. For an aldol reaction that makes use of a preformed enolate ion, an acid 
workup step is required (Step 3) to protonate the alkoxide ion formed in the addition 
step. 


H O^ Lit о 
У 4 LDA, THF, — 78°С XA 2. CX OH 
CH,—C ————— C=C EET EE 
\ / X 3. но CH;COO-t-Bu 
O—t-Bu H O—t-Bu 
The mechanisms in this three-step procedure are straightforward, comprising (1) an 
acid-base reaction, (2) nucleophilic addition to a carbonyl group, and (3) an acid~base 
reaction. 
H o` Li* 
E XO LDA, THF ts Z " 
j \ p FS +  HN(iPr), 
H O—t-Bu © H O—t-Bu 
H H 
M COO—t-B 5 
= —i-Bu Нн; * 
/ “но. С \ecticoo-t8u + њо 
СХ, „ы е он 
o= 


A carbanion derived from a nitrile likewise undergoes nucleophilic addition to the 
carbonyl group of an aldehyde or ketone. 


T Eni, THE — 80°С 
с 
HO CH,CN 


2. 
CH,CN жыла (68%) 
» Hg 


EXERCISE 23.7 


Acarbanion derived froma tertiary carboxamide also works in directed-aldol reactions. 
Draw the structure of the major product expected from the following reaction: 


1. LDA, Pentane 
| 2. Cyclohexanone 


c I 
CH; ^N(CHj, > но" 


ААА 
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23.2с THE METABOLISM OF GLUCOSE MAKES Use 
OF A RETROALDOL REACTION 


The aldol reaction is remarkable because it permits the construction of С-С bonds 
under mild conditions in aqueous solution. Little wonder that aldol reactions are used 
both to form and cleave C-C bonds in biochemical systems. 

The key enzymes for biochemical aldol reactions are appropriately called aldolase 
and transaldolase. These enzymes are responsible for making and breaking C-C bonds 
in reactions of carbohydrates. 

Let us look at the actual enzyme-catalyzed retroaldol reaction that occurs during 
glycolysis, the pathway of glucose metabolism. The pathway starts with the phosphory- 


ka 
CHOH CH,—O—PO,?- ier a 
H о. OH H о, OH HO—C—H 
OH H = OH н == | 
HO H HO H M d 
H OH H OH CMM 
СН,ОРО;2- 


B-D-Glucopyranose B-b-Glucopyranosyl- 


6-phosphate 


D-Glucose-6-phosphate 


D-Glucose-6-phosphate is subsequently converted to D-fructose-6-phosphate through 
formation of an enediol intermediate (Section 22.2b). A second phosphorylation step 
produces D-fructose-1,6-bisphosphate (1,6-FBP). 


SS 
| ] | i 
H o H OH 
xw? ~ н—с—он н—С—оро;?- 
mcd ] M Te С=О 
HO—C—H HO—C—H HO—C—H HO—C—H 
| — = | 
H—C—OH H—C—OH он H—C—OH 
H—C—OH не eH n =08 H—C—OH 
CH,OPO,?~ СН,0РО;2- | СН,ОРО;2- CH;OPO,^- 
D-Glucose-6-phosphate Enediol intermediate D-Fructose-6-phosphate D-Fructose- 


1,6-bisphosphate 


The retroaldol reaction of 1,6-FBP takes place next, and this transformation yields 
D-glyceraldehyde-3-phosphate and dihydroxyacetone phosphate—that is, an aldehyde 
and a ketone—as products. The structure of 1,6-FBP below shows several atoms in 
color to emphasize the B-hydroxy ketone structure needed for the retroaldol reaction. 
Carbon atoms 1-3 of 1,6-FBP are found in the ketone product, and carbon atoms 4-6 
constitute the aldehyde product. 
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1 j 
CH,OPO, 
2 4 1 ja 
є=о н—с=о HOPO; 
3 2 
HO—C—H — Hc—oH + сео 
al el x al 
Heol CH,OPO; al а 
5 
и ed H 
6 
CH,OPO,7~ b-Glyceraldehyde- Dihydroxyacetone 
3-phosphate phosphate 
b-Fructose- 


1,6-bisphosphate 


If the retroaldol reaction of p-fructose-1,6-bisphosphate were to occur in its car- 
bonyl form, as illustrated in the following equation, an enolate derivative of dihydrox- 
yacetone phosphate would be formed. This species is a strong base, which might be 
detrimental to an organism. 


CH;OPO;- СН,ОРО;?- 
cb bio 
HO ly HO—C—H 
НСО” mma, H—C-O t br H—base 
H—C—OH "— 
СН,ОРО}2- CH;OPO;- 
Aldehyde Ketone enolate 


(strong base) 


As a way to bypass formation of an enolate ion, the enzyme aldolase uses a lysine amino 
group in its active site to first form an imine bond (Section 20.12) with the carbonyl 
group of D-fructose-1,6-bisphosphate. 


Aldolase active site 


| 
ко g= 
С=О 
| -њо 
HO—C—H E d 
| © 
d 3o 
Hd 
CH;OPO;- 
, D-Fructose- 


1,6-bisphosphate 


Because the nitrogen atom of an imine is a base, this intermediate actually exists asa 
50:50 mixture of forms with and without a proton on the nitrogen atom (Section 
20.2c). The effect of protonating this imine bond in the aldolase-fructose complex is to 
make the imine group more electrophilic, which in turn facilitates the retroaldol reac- 
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PES ER ааа, 


ранна 


bonds of the fructose derivative, thereby in one step, 


* Creating the carbonyl group of glyceraldehyde. 

* Breaking the C3-C4 bond. 

* Forming a new x bond between C2 and C3. ` 
* Breaking the imine x bond. 


29 
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basic (Section 20.3b), so proton transfer occurs in the manner shown in the following 
equation: 


Finally, the resulting iminium group undergoes hydrolysis (Section 20.1c) to yield 
dihydroxyacetone phosphate, which dissociates from the enzyme active site and com- 
pletes this metabolic transformation. (Proton-transfer steps subsequently return the ac- 
tive site to its starting form.) 


Show the mechanism for the steps of the hydrolysis reaction in the preceding equation. 


EE 


= ee eee 


23.2 Crossed-Aldol Reactions 


EXERCISE 23.9 


Another way that glucose is metabolized is called the Entner-Doudoroff pathway. p- 
Glucose-6-phosphate is oxidized twice to form D2-keto-5-deoxy-6-phosphogluconate. 
This substance is Subsequently cleaved to Produce pyruvate and D-glyceraldehyde-3- 
phosphate. Propose a mechanism for the enzyme-catalyzed transformation, which oc- 
curs via Schiff-base catalysis. 


OO 

Ws gs OL Jor 

С=б E с ш н 40 

| [ .. “er 

C—H 179 | 

> — H—C—OH 

нн €^ H—C—H 

| | СН,ОРО;2- 
н—с—он H 

CH;OPO,^- Pyruvate D-3-Glyceraldehyde-3- 


Phosphate 
D-2-Keto-3-deoxy- 


6-phosphogluconate 


23.2d ALDOL AND RETROALDOL REACTIONS ARE USED 
TO INTERCOVERT CARBOHYDRATES 


The aldolasecatalyzed cleavage of D-fructose-1,6-bisphosphate is reversible, so this same 
enzyme can also be used to make carbon-carbon bonds via the aldol mechanism (with 


CH,OH 
ing 
Ho—d—y 
T 
H—C—OH 
H—C—OH 
CH;OPO;-7 


D-Sedoheptulose- ge Transaldolase 
-phosphate Кортес Н active site (B is 
à basic site) 


Next, a retroaldol reaction occurs, just as you saw for the reaction catalyzed by al- 
dolase. This step generates D-erythrose--phosphate (E4P) and an enamine derivative of 
dihydroxyacetone. 
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CH,OH ` CH;OH N 
йн сз сйн P 
РЕ Med "- 
HG. Д E H— d - 
H—C—OH H—C—OH Y 
H—C—OH val нон 
СН,0РО; 7 lee 


D-Erythrose- 
4-phosphate 
(E4P) 


The E4P is displaced by a molecule of D-glyceraldehyde-3-phosphate, and instead 
of being protonated, the enamine, which is a nucleophile, reacts by addition to the car- 
bonyl group of D-glyceraldehyde-3-phosphate. This step is an aldol reaction. The nucle- 
ophile is the resonance form of the enamine, which is fundamentally the imine 
derivative of an enolate ion. 


Resonance form of the enamine 


CH,OH - oe à 
C=NH 5 goon Е 

HO—C—H HO—C—H 

5 oe 

7 4 — H—C— OH - 

Se H-6) > н-с-он Œ 

МЕ it bu,0p02- 
CH,OPO,7— 


In the last step of this transformation, the product, which is D-fructose-6-phosphate, 
is liberated by hydrolysis. 


гм Lys ) CHOH 
ce “= c 
na Me, hogo 
| (8 G H—C— OH 
неон ч utu 
CHIOT оро? 


D-Fructose-6-phosphate 


23.2 Crossed-Aldol Reactions 


Overall, transaldolase catalyzes the redistribution of carbon atoms from a C7 and a 
Сз sugar to produce a С; and a Cg sugar. 


Sedoheptulose (Су) 2 Enamine intermediate (Сз) + Erythrose (C4) 
enamine intermediate (C3) + Glyceraldehyde (Сз) > Fructose (C9 


The reaction to produce D-fructose-6-phosphate from dihydroxyacetone and D- 
glyceraldehyde-3-phosphate is both stereo- and regiospecific. This specificity results 
from combining the enamine and a carbonyl component within the active site of the en- 
zyme. In the absence of an enzyme, these two reactants could form several products. 


EXERCISE 23.10 


Suppose that the transaldolasecatalyzed reaction were regiospecific but not stereospe- 
cific. Draw the structures of the four sugars (as their phosphate derivatives) that would 
be obtained from the process shown below. 


H [e] 
гв CH;OH bs then 
(Lys) à hydrolysi 
-— NH—C + н—с—он a 
CHOH CH,OPO,?— 


23.2e CITRATE IS SYNTHESIZED BY A CROSSED-ALDOL REACTION 


In living systems, the aldol reaction is not just used to manipulate carbohydrate struc- 
tures. The biosynthesis of citrate, a key reactant in the citric acid cycle, results from the 
condensation reaction between an enolate derivative of Acetyl-CoA and oxaloacetate, 
according to the following equation: 


CH. соот T t ое 
H,0 
тоос“ с + O C ==> "ODE „С _ „соо- 
Ї CH; `$СоА сн “ен; 
:0: 
Oxaloacetate Acetyl-CoA Citrate 


The thioester group is a reactive carboxylic acid derivative (Section 21.3c), but it is 
important in another respect, especially for Acetyl-CoA: A thioester group makes the adja- 
cent protons acidic enough to permit enolate ion formation under physiological conditions. The 
Protons alpha to the carbonyl group are acidic because of the resonance effect of the 

=O double bond as well as the inductive effect of the sulfur atom. 


о: 


Н 7:0: : 
! base l L 
СН `5—СоА сну “5 — Сод cH? ~s—coA 


Citrate synthase is the enzyme that catalyzes the aldol reaction between Acetyl-CoA 
and oxaloacetate. Thé enzyme has been characterized by X-ray crystallography, and it 
employs a histidine imidazole ring as the base to generate the enolate ion. 
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Citrate synthase 
active site 


The enolate ion subsequently adds to the carbonyl group of the ketone, producing cit 
ryl CoA. Hydrolysis of this thioester in a separate step yields citrate. 


% 
2 NH Ё 
*N—/ Ё 
H Ё 
О: e 
4 Ҹ 
= 5-с, N 
© f А E 
-оос“ ^с—соо- gE 
HO: y 
b = y 
Dy [ B ел 
Citryl CoA Pane 7 


23.3 THE CLAISEN CONDENSATION 


23.3a ESTERS UNDERGO THE CLAISEN CONDENSATION 

IN A MANNER SIMILAR TO THE ALDOL REACTION 
The other type of condensation reaction that occurs between enolate ions and car- 
bonyl compounds is the Claisen condensation, as noted in the introductory section of this 
chapter. An ester can undergo selfcondensation to form a B-keto ester after aqueous 
acid workup. For example, ethyl acetate forms ethyl acetoactetate via the Claisen 
condensation. 


ў тт 
2 72 0, Tuer, н—0———0—6—0н 
\ "ng 
ü om Ho H 


The mechanism of the Claisen condensation is not unlike that of the aldo! reaction. 
In the first step, the enolate ion is formed. The protons alpha to an ester carbony! are 


23.3 The Claisen Condensation 


less acidic than those alpha to an aldehyde carborvl group, so a stronger base is needed 
for the Claisen condensation. Sodium ethoxide in ethanol is a suitable combination. 


H [e] “O. 
| Z7 Na* Ott- | P 
ur wt EtOH "EE 
H. Ош @ OEt 
i Ei 


Tbe enolate ion subsequently adds to the carbonyl group of a second ester mole- 
cule to form a tetrahedral intermediate (Section 21.1c). 


PT фу BEN 
H—C—cs* H—Cc—cC == H—C—C—(C—(C—oEt 

Po Hee \ @ | | | 

H OEt OEt Н OEtH 


The tetrahedral intermediate collapses to regenerate the carbonyl group, displacing an 
equivalent of alkoxide ion. 


H 05 H : H O Ha 
| IZ] | d od zx 
HCCC Cort == Hgm emeei e ie 
= 3 
нове H H H 


111] 111] 
mz m + EtO- r н—0—С—с—с—он + вон 
H Sa H 


The Claisen condensation of ethyl acetate has a Special name: the acetoacetic ester con- 
densation. This name is sometimes applied as well when other esters are used. 


23.3b THE CLAISEN REACTION 15 FAVORED WHEN THE PRODUCT 

CAN Be DEPROTONATED 
All the steps of the Claisen condensation are equilibria, so the process is reversible. The 
final acid-base reaction, however, makes the retro-Claisen condensation—collapse of 
the product to regenerate the starting ester—difficult unless this acid-base step cannot 
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occur. For example, if ethyl isobutyrate is treated with ethoxide ion, enolate ion for- 
mation can take place, as well as the subsequent addition-elimination steps. 


CH. o 


CH, о 
| 4 Na* =) | 4 
CH,—C—C == CH,—C—C 
cj \ EtOH - N 


CH; o. CH; “o CH; :O:7 CH, :0 
ME / |I | [pg 
cHe У сс с = Єн,—с—С—с-——С—он 
| Х ——8 Q [ [| | 
Н Ош OEt Н  OEt CH, 

Т?Т ПЫ] id s 
i a | com x EG m 08 + OEt- 
E 3 
Н “Ок CH, H CH; 


The f-keto ester formed by this mechanism does not have a proton between the 
carbonyl groups, however, so it cannot undergo an acid-base reaction as ethyl ace- 
toacetate does. Instead, the most electrophilic center is now the ketone carbon atom, 


E E. js qe uw 
M SE ROB BE x E 
H H o aJ CH; 
~ Most electrophilic 
Ethyl acetoacetate center Ethyl 2,2,4-trimethyl- 


3-oxopentanoate 


Product from Claisen condensation Product from Claisen condensation 
of ethyl acetate of ethyl isobutyrate 


isobutyrate. Thus, if enolate i 


1111 те? 
m A 
Н—(—С©—б—С—он + ec c H- 6-6 ceto + EtOH 
Ho Hiena Ho H 


Ethyl acetoacetate The stabilized enolate is not susceptible 


to addition of ethoxide ion, 


bog Log 


Ses FS okt + :бЕ —> ? 8 -6—€—o& 
H NS _ „ H 


єн 2 CH, O CH; O 
C 


Ethyl 2,2,4-trimethyl-3-oxopentanoate 


R [e] R O^ Lit 

Ht "d EARTH t c t HN(iPr). 
mS а = IPr, 

7 ON = 78°C ZON d 

R OEt Ф R’ OEt 


R' R 
R; к, 
R op ut p *c covet covet 
tec а KO кс + a- 
= Brot: — — 
/ ГСК! З 
7 PN Ө) 18 ® o 


EXERCISE 23.11 


What are the major products expected from the following reaction sequence? 
! 
1 01 ; 


| 1.2 e iv NaH, THF 2 iv CH3i 
CH;—C—CH,—C—oEt Sees ТНЕ 2 ечим СН. 


2. NaOEt, EtOH, А 


23.3c THE DIECKMANN CYCLIZATION Is AN INTRAMOLECULAR VERSION 
OF THE CLAISEN CONDENSATION 


o _ 
Eto. 1. NaOEt, EtOH COOEt 
OEt Знос ОГУ (74-81%) 
„Ну 


[е] 


The mechanism is Precisely the same as that of the Claisen condensation, comprising 
€nolate ion formation, addition-elimination, and an acid-base reaction. 


70: 70: 
Eto =OEt Е 5 
aa = ys ы + EtOH 
20: H H © :0: H 


E 


ti SS I о ЕИ 
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{ х 807 
| | | As before, aqueous acid is added during workup to generate the neutral product, а As before, aqueous acid is required for the workup stage of this procedure. 
Ep cyclic B-keto ester. 
on А 0° 
H1 [9] о \ EN 
Hi fog C бы COOEt [соон T "om 
B Ер t _н—Оң,, H + HO x H-—ÓH, Ae "n 

| v— aN wako 
| СН COOEt (workup) СН “cooet 


The Dieckmann reaction is especially useful for making five- and six-membered 
| rings. Recall, too, that a B-keto ester readily undergoes hydrolysis and decarboxylation 
| (Section 22.4c), so cyclic ketones are readily prepared by this sequence. For example, The reactions of unsymmetrical diesters constitute a special class of crossed-Claisen 


(68-71%) 


| о о 
COOEt 


} ) 1. NaOEt, EtOH H;0*, A 
| Et Co Scoot M, ss о 


SH COOEt 
1. NaOEt, EtOH 
ЖЕУ: ср arta VC б 
EXERCISE 23.12. соок: 
Provide the mechanistic details for the steps in the preceding sequence. ! EXERCISE 23.13 


Propose a reasonable mechanism for the preceding reaction scheme. 


23.4 CROSSED-CLAISEN CONDENSATIONS 


23.4a THE CROSSED-CLAISEN CONDENSATION COUPLES тол with an acid chloride, as shown previously (Section 23.8b). Both ketone and ester 

DIFFERENT ESTERS enolate ions work well. The reaction between a ketone enolate and an acid chloride 

| MUN . | | produces a B-diketone. For example, the enolate ion derived from 3,5-dimethyl-2- 
Just as with an aldol reaction, it is possible to carry out a crossed-Claisen condensation, E butanone reacts with propanoyl chloride to form 2,2-dimethyl-3,5-heptanedione. 
which is the reaction between an enolate ion and an ester (or acid chloride). The re- З 
action works best when the €ster has no proton alpha to the carbonyl group, so ben- о 0^ Li* 9» o d 
zoate, formate, and oxalate esters are excellent substrates. d a! 9 WA 

él LDA, THE cHycH Са X 
o о о з THe CHa BE CH” Хен, сн, 
A „р © 
OEt H ОЕТ ОЕТ 
Ó 
1 YS - E 3 
Ethyl benzoate Ethyl formate Ethyl oxalate C = 
y у | p CH, CH, 9 y me au 

These compounds react with an enolate ion, as shown below for the reaction between 


ethyl octadecanoate and ethyl oxalate. 
When the product has a proton attached to the carbon atom between the carbonyl 


H Heer H | groups, as in this example, the product undergoes an acid-base reaction with the eno- 
b. =e Он ү KA + EtOH late ion. Therefore 2 equiv of the enolate ion are needed, and workup with aqueous 
сн “соон @ СН "COOEt | acid is also required, 
o о 
:0: o O^ Li* 
e -g COOEt A E F 1 о 
но tc К д 
Г t y ~ort " Уон Ko “нењ + opos = x^ "ccu, + г< 
= H 
Сы. — wes MD 22 H 
. С.Н ~~ COOEt © CieH33  "COOEt | 
о 
(е) l о ? 
is 4 E BUM + c 
-р (оон 9 EN + CHCH; Hot, C^ “ен,сн, 
Heg н С—соок C—COOEt | (workup) Ky 
\/ à u | 


C OEt^ 


[e + — [el 
СН ~COOEt ® CH "cCOOEt @ сн "cook 
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EXAMPLE 23.2 


Draw the structure of the major product expected from the following crossed-Claisen 
condensation. 


i s COOEt 1. NaOH, EtOH 
COOEt + Cy Zio 
———— 


This example is of a crossed-Claisen condensation between two esters, one with O-hydrogen 
atoms and one with no o-hydrogen atom. The reaction begins with formation of the eno- 
late ion of the ester having C-hydrogen atoms, and then that enolate ion adds to the car- 
bonyl group of the ester with no o-H atom. The tetrahedral intermediate collapses to 
regenerate the carbonyl group of the product. (In the mechanism, there are two additional 
acid-base reactions, but these need not be shown to predict the structure of the product, 
which is set by Step 3.) (Note: In the following scheme, iPr is the isopropyl group.) 


05 RS n a Bs C 2! 
Бе 
A AE —— cca) [NS / = b AS 
C^ “ов © ZON о” ^C © C COOEt 
М H OEt ip ZN 
H H— о O` OEt 
iPr H iPr H 
f | \/ a _ 
C URN Cc + Eto 
075—6 "ook © О €^ “соок 
“А | 
O- OEt о 


Predicted major product 


EXERCISE 23.14 


Draw the structure of the major product expected from the crossed-Claisen reaction 
shown here. 


1. NaOH, EtOH 
(“соон +  HCOOEt Aus 
T 


eee 


23.4b CARBOXYLATION IS A VARIANT OF THE CROSSED-CLAISEN 
CONDENSATION 


Carboxylation occurs when an organic molecule reacts with carbon dioxide to form a 
carboxylic acid. You have already learned one type of carboxylation reaction, namely, 


the one that takes place with Grignard reagents (Section 15.2b). 
ii 
87 б=с<=б " 
R—MgBr ay R—C—O:^ *MgBr 
An enolate ion reacts in the same way as a Grignard reagent, with one crucial differ- 


ence: The product, which is a B-carboxy carbonyl compound, can readily undergo dé 
carboxylation (Section 22.4c), so enolate carboxylation reactions are reversible. 


б:ў бу, : :0: 
Г dum I l Е Reversible 


R^ “сн, 


An enolate ion 


о о о 

! { [ 

„©, c 
HO OH С “ов EtO~ "ott 


O—C—O + HO == 
Carbonic acid Ethyl chloroformate Diethyl carbonate 


A preformed enolate ion, when treated with either of these compounds, undergoes ad- 
dition-elimination to form the B-keto ester. For example, 


Careful saponification of this ester with acid workup at zero*C can be performed to 
Prepare the carboxylic acid, if desired. 


EXERCISE 23.15 


What is the expected product of the Sequence shown below? (Step 3 is drastic enough 
to cause both hydrolysis and decarboxylation.) 


o 
1. NaH, (EtO),cO 
2. CHCH;I 
yoo > 
3.Hj0*, A 


23.4c CARBOXYLATION IN BIOLOGICAL SYSTEMS MAKES Use 
OF THE COENZYME BIOTIN 


to carboxylase enzymes by an amide bond, serves to make СО» available for reactions 
with enolate ion species. 


—coo- | am H 
(CH2),—COO ^: сне, р om 
y v Us 
H — l fe) Nd 
А b 
Biotin N 


Carboxylase enzyme 
active site 
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The carbon dioxide is bound to one of the biotin nitrogen atoms as a carbamic acid de- 
rivative (Section 20.5b) 


As a specific example of a biological carboxylation process, consider the biosyn- 
thesis of oxaloacetate from pyruvate. 


OC, oh со, RES. eee СО; fae 
I | 
о [e] 
Pyruvate Oxaloacetate 


After formation of an enolate ion derivative of pyruvate, addition to the carbonyl group 
of the biotin-CO»s adduct occurs. 


STU AR in gi A Наша... 


es S 


H ó 
O „л 


© 
UN UN 
zd 


3 H 
CH; 


че 
о ? 
Y" 


23.4 Crossed-Claisen Condensations 


The tetrahedral intermedi Oxaloacetate and the enol for = 
ediate collapses to form а ta d th. form of bi: 
otin, which reacts with carbon dioxide to regenerate the adduct ! 


Oxaloacetate 


FOR DEGRADING FATTY ACIDS IN LiviNG SYsTEMS 


o 
HESSE RUFUS Ii aAa L OcoR n 
OCOR 
[vero 
o 


алалат ee — 


[Phosphoryiation 
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ку PS | о Ad Р 
О | о enosinyl 
ò- 
HO OH 


| wensestertzaton 


о 


кууу ау РЕМИ 


Once the thioester has been generated, a fatty acid is ready to be degraded. The 
protons alpha to the carbonyl group are slightly acidic, so one can be removed to form 
an enolate ion derivative. Subsequently, one of the B-hydrogen atoms is transferred to 
the coenzyme FAD (flavin adenine dinucleotide), which is a hydrogen-atom acceptor. 
Without worrying about the details of this process, notice that the removal of two hy- 
drogen atoms creates a C=C double bond that is conjugated with the carbonyl group. 


In the next step, water adds to the double bond (Section 24.2a) to form a f-hydroxy 
thioester. This alcohol group is oxidized by NAD* (Section 11.4e) to form a [-keto thioester. 


н. О Ho H O о о 
iJ V. d M 
5s, ^ * > 
NEN сод Ho NAN en Ts CoA NAD М М Ts. CoA 
| ® /\ © /\ 
H H H H H 


The structure of a [-keto thioester is analogous to that of a B-keto ester, which is the 
product of the Claisen condensation, so it is reasonable that a B-keto thioester can un- 
dergo а retro-Claisen reaction as well. The enzyme that catalyses such a reaction is iht- 
olase, the name of which provides a clue about the mechanism of the transformation: 
A thiolate group of a cysteine residue in the active site adds to the ketone carbonyl 
group of the B-keto thioester. 


Thiolase active site 


+ 
калалары LATHE NAT SRR TSO Nini 


23.4 Crossed-Claisen Condensations 
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Once the tetrahedral intermediate fo: 


rms, it colla; 
group and expel an enolate ion. рез to regenerate the carbonyl 


The enolate ion is Я 


T ~~ | the leaving group. 


N AN. : 
ext, acetyl-CoA dissociates from the active site to enter the citric acid Cycle. A mol 


ecule of CoA enters the active si i 
| A е: site, and transesterificati 
teine thioester and the thiol group.of CoA. Pon ies place between the i 


[^d 
— 
© | CH, 7G -5—CoA | 
EN C H 
>> ре A 4 
Со) Д 
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Figure 23.1 

Cycles of B-cleavage that 
define the pathway of fatty 
acid degradation. 


3:0: 
| 


CHí “5—Сод 


This carboxylation process 
utilizes biotin. 
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CO—SCoA 


1. Introduce a, B-unsaturation 

2. Add water to the double bond 
3. Oxidize alcohol to ketone 

4. Retro-Claisen condensation 


SS a 0 SCO 


1. Introduce a, B-unsaturation 

2. Add water to the double bond 
3. Oxidize alcohol to ketone 

4. Retro-Claisen condensation 


CH3—CO—SCoA 


S ARS КУ SS АУА 


1. Introduce a, B-unsaturation 

2. Add water to the double bond 
3. Oxidize alcohol to ketone 

4. Retro-Claisen condensation 


CH;—CO—SCoA 


SCO SOA 


| 


Etc. 


This new acyl-CoA dissociates from the active site, two carbon atoms shorter. Notice 
that this acyl-CoA molecule has the same general structure as the fatty acid-CoA mol- 
ecule that entered the metabolic pathway. The process can therefore continue until all 
of the original carbon atoms have been converted into acetyl-CoA molecules, as sum- 
marized in Figure 23.1. 


23.4e THE BIOSYNTHESIS OF FATTY AciDs Utizes 
THE CLAISEN CONDENSATION 


The pathway for the biosynthesis of fatty acids is nearly the reverse of the degradation 
process. A Claisen condensation is the key carbon-carbon bond-forming reaction in 
the biosynthetic pathway. The primary difference is the way in which the enolate ion is 
formed. 

The building blocks are molecules of acetyl-CoA, but the acetyl group is first car- 
boxylated to form malonyl-CoA. This malonyl group is then transferred to a protein ab- 
breviated ACP (acyl carrier protein), which delivers the malonyl group to the enzyme 
in which the carbon skeleton of the fatty acid will be assembled. 


Qo О: 20:7 
HCO,- | Il HS ACP | 


cy, Sa aaan 
o" "eu son transesterification ooi M ACP 


Malonyl-S-ACP 


In the first round, the malonyl group reacts via a Claisen condensation with an 
acetyl group within the enzyme active site. Decarboxylation of the malonyl group ger- 
erates the enolate ion needed to undergo addition to the acetyl-cysteine thioester 
group. 


Fatty acid synthase 


23.4 Crossed-Claisen Condensations 


| 
2 C 
SCH Ses ace 


Butanoyl-S-ACP 
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acyl-S-ACP. The process continues until the fatty acid skeleton (usually 16-18 carbon 
atoms) is built. 


5i MEEEEKEKEEAEKEMMEEEMMMMM 


Outline a scheme for the biosynthesis of fatty acids similar to that shown in Figure 23,1, 


CHAPTER SUMMARY 


Section 23.1 The aldol reaction 

• Enolate ions undergo addition to the C=O double bond of carbonyl-containing 
compounds like aldehydes, ketones, and esters. 

* The aldol reaction is the addition of an enolate ion to the carbonyl group of an 
aldehyde or ketone. 

* The product of the aldol reaction is a B-hydroxy aldehyde or ketone. Elimina- 
tion of water can occur from the aldol product to form an a,B-unsaturated alde- 
hyde or ketone. The mechanism of this elimination reaction is designated Elch, 

* The aldol reaction is also catalyzed by acid, in which case the enol acts as a nu- 
cleophile, and the acid helps activate the carbonyl group toward addition. 

* The retroaldol reaction is the reverse of the aldol reaction, and it leads to cleay- 
age of a carbon-carbon bond. 


Section 23.2 Crossed-aldol reactions 

* The crossed-aldol reaction occurs between two different molecules of aldehydes 
and/or ketones. The best examples of the crossed-aldol reaction occur between 
a ketone that can ferm an enolate and an aldehyde that cannot form an enolate. 

* Directed-aldol reactions аге aldol reactions in which a specific enolate derivative 
reacts with an aldehyde or ketone in an aprotic solvent. 

* Biological processes that metabolize and synthesize carbohydrates make use of 
the aldol reaction. 

* The retroaldol reaction that metabolizes sugars makes use of a Schiff base deriv- 
ative, which bypasses the formation of an enolate ion in the enzyme active site. 

* The aldol reaction is also used to make citrate, a key molecule in the citric acid 
cycle. 


Section 23.3 The Claisen condensation 

* The Claisen condensation is the addition of an enolate ion to the carbonvl 
group of an ester or acid chloride. 

* The Claisen condensation carried out under equilibrium conditions involves 
condensation of esters in the presence ofa strong base such as alkoxide ion. 

* The Claisen condensation goes to completion because a stabilized enolate ion 
is the initial product. An acid workup step is required to liberate the final prod- 
uct, a B-keto ester. 

* The retro-Claisen condensation occurs if the B-keto ester cannot form an eno- 

late derivative. 

The product of the Claisen condensation can undergo hydrolysis to form a $- 
keto acid, which subsequently undergoes decarboxylation. 

The Dieckmann condensation is an intramolecular version of the Claisen 
condensation. 
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form an enolate and one that cannot. 


An aci ide i i 
d chloride is Sometimes used as one component in the crossed-Claisen 


condensation especially if the ; 
А Product does not have rotons 
carbon atom between the carbonyl groups. Ио 


Carboxylation is а variant of the crossed-Claisen 


* Biosynthesis of fatty acids utilizes a Clai i 
aisen cond i i i 
made by decarboxylation of a P-keto acid. SE Raed 


aldol reaction directed-aldol pls 
-aldol reaction Di izati 
Claisen condensation iban Sue 
Section 23.2c Secti 

: ction 23. 
Section 23.1c glycolysis жк сы 
Elcb mechanism Schiff-base catalysis condensation 
Section 23.1d Section 23.3b Section 23.4b 
retroaldol reaction retro-Claisen carboxylation 

| condensation 
Section 23.2a Section 23.4c 
crossed-aldol reaction biotin ` 


The aldol reaction, А] 
with aqueous base. 


27. і нот, но RU zn і 
ма. R C 
A R ye “с^ R' 
Н ДОА 
H HH R 


The products of an aldol reactio 
| l n—a B-hydroxy aldehyde or ketone—und 
dration when treated with base; the mechanism is designated E1cb. MEA 


R' OH R' 
" v l OHT, Ho | ? 
Ее LS 
З “с Np Tr с СМ „©. + њо 
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Section 23.1¢ 


The aldol reaction can be catalyzed by acid; dehydration can occur under these con- 
ditions too. 


o R OH O R' [e] 
{ њо“ \/ 1 | | 
2 К 2C. зааны М, Ср + Rs allen gaa 
/\ /\ N /\ | 
н н H HH к H H R 


Section 23.1d 


A B-hydroxy aldehyde or ketone (product of an aldol reaction) can undergo the 
retroaldol reaction to regenerate two molecules of aldehyde or ketone. 


R OH О [e] 
N/A | он", њо | 
хс Pur s, SS 2 Ph esi ny 
/N /\ /N 
H HH R н н 


Section 23.2а 


The crossed-aldol reaction. This transformation works best when one reactant lacks 
protons on the carbon atom adjacent to the carbonyl group. 


о о н он O 
I [| OHZ, H,0 \/ | 
RVC, + „СУ у= на С oN, 
С R R H R С R 
/N /N 
н H H R 


Section 23.2b 


The directed-aldol reaction. An enolate ion is formed before adding the second car- 
bonyl reactant. 


H OH 
| 1. LDA, THF V | 
RON ; 2 R’CHO К Ср, 
/N з.њо /\ 
А нн H R 


Section 23.3a 


The Claisen condensation. Esters undergo self-condensation when treated with alco- 
holic base. An aqueous acid workup step is required to form the neutral product. 


[9] [9] О 
f 1. NaOEt, EtOH | | 
2. H30* N p AN oE 
/\ ZN ZN 
H HH R 


Section 23.3¢ 


The Dieckmann cyclization. This transformation works best for the formation of five- 
and six-membered rings, but other size rings can be formed as well. 


COOEt 1. NaOEt, EtOH о 
———————À 
COOEt 2. H;0* 


COOR 


Additional Exercises 


Section 23.4a 


о 
R l i 1. NaOE P I] 
MEAM + С - NaOEt, EtOH 
A Okt В ^oE њот рина 
H /N 
H 
О 
[9] 
Т E. 1. LDA, THF [| I 
См 2. СОС P c 
/\ ш. 3. H0* RT AC "ott 
R' H ко 
Section 23.4b 


Carbonyl compounds react via their еп, 


: olate derivati i 
form B-dicarbony] compounds with at le. are derivatives with ethyl chloroformate to 


‘ast one ester group. 


? 9 

R 2С 1. LDA, THF ll 

C^ ^R 2. CI—COOE R, UC 
/N R £Hot 54 C^ ^R 
Bo R' COOEt 


23.17. Draw the Structure for each of the following substances: COBITIONAE EXERCISES 


a. The enolate ion of tert-butyl acetate 
b. Methyl 3-keto-2methylbutanoate 

c. (9R 35)2,5-Dihydroxypentanoic acid 
d. 34C-dihydroxyacetone phosphate 


23.18. Draw the structure of th 


e major d n 
aldol and related reactions: Or product expected from each of the following 


a. 
b. 
о 
_ 1. LDA, THE 
+ сњо онт, н,о вн ——À——3À 
py 
. ò 
d 3. H0* 
c. 
d. 
о H 
OY 1. LDA, THF, — 78°C OHT, H,0 
2. PhCHO ( 
3. H0* o 
e. 


CH0, CHO CH;0 сосн, 
тү t a = 
———À 
CHO 


CHO 


| 
\ 820 
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ee ; А b 
19. The Henry reaction is a variant of the aldol reaction in ps ‘he conjuga Н = 
` of a nitroalkane is the nucleophile and an amine base is used. Propo: 
for the following reaction: 


ion i i aldol reaction in which the conju- 
agel reaction is a variant of the ¢ 
ee oe methylene compound is the nucleophile and ай amine base 
is used. Propose a reasonable mechanism for the following reaction: 


о EN COOEt 
CHO EtaNH, 0°C 
+ сосн; 
COOEt 


llowi 
21. Draw the structure of the major product expected from each of the following 
| Claisen condensations and related reactions: 


b. 
Е 1. LDA, THF, — 78°C 
oe CH;COOtBU сн;соа 
3 
CH,CH;COOEt. -po > но? єн 
д. 
j О 
єн» 1. OEt', EtOH 1. ОЕТ”, EtOH, HCOOEt 
^ COOEt 2.H0* 2.H0* 
EtOCO Y . Hj 
CH; 
p 


23 . The Thorpe reaction is the nitrile analog ue of the aldol reaction. Pr ороѕе a rea- 
nable mechanism for the following transformation: The first step Is an in- 
SO! 


tramolecular T horpe reaction. There are three different reactions repr esented by 
e ond arrow: nitrile hydr olysis, enamine hydr olysis and decarboxylation. 
he secon y ysis, » Xy 


CN KO-t-Bu IUE 
t-BuOH 
CN CN 


В А t 1 
"f of an anhydride is the nucleophile, and the salt of the corresponding car boxylic 


d i i formation: 
acid is the base. Propose a reasonable mechanism for the following trans 


о o О. COOH 
| i 1.CH,COO- к, 150°C ES 

О. сно € J 

CY + CH—-C—0—C—CH; оя 


: eater tait rti н et Aree 
——— in 


Additional Exercises 
nil 5. Darzens reaction is a crossed-aldol reaction betwee 


n an aldehyde and the 
followed by an intramolecular Sn2 
the following transformation: 


CHO 
С + Cl—CH,—cooet ME, ee 


<25. In performing each of the following reactions, 
sorptions that you would look for in the reactant and 


action was successful. Be as specific as possible: list 
(weak, medium, or strong), 
tion band(s). 


an » 


broad-band 5C NMR spectra. List, as a 


enolate derivative of an a-halo carboxylic ester, 
reaction. Propose a reasonable mechanism for 


indicate the principal IR ab- 
product to ensure that the re- 
the position (cm-), intensity 
and shape (sharp or broad) of the diagnostic absorp- 


COOEt 
C — 


Bar What reagents would you use to carry out each reaction in Exercise 23.25. 


P. How would you prepare each of the following substances via a Dieckmann re- 
action, ing wi i i ith si 


о 
(Сув e 


23.29. Identify each of the following compounds from its 


ІН NMR spectrum. Each 
compound has a strong carbonyl absorption in the IR. sp 


ectrum. 
а. С.Н 40: all J-values = 7 Hz. 

(3) 
G) 


(1) (1) (2) 


Intensity 


COO—t-Bu 
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b. СНО : 
E 
© 
© 
Е 415 н: 
(1) (1) (2) (2) 
сај EN L 
T Т T 
р 6 5 4 3 2 1 0 


, 


ndo D-Glucose is converted during glycolysis to two, three-carbon sugars via 
| p-fructose-1 ,6-bisphosphate according to the following scheme: 


- -6-phosphate ==> 
D-Glucose <= p-Glucose-6-phosphate <> р-Егисіоѕе-6-рһоѕр === 


D-Glyceraldehyde-3-phosphate 


D-Fructose-1,6-bisphosphate 
Sy 


Dihydroxyacetone phosphate 


One way to study metabolic pathways is to utilize a compound with a labeled N- 
(С, М, or О). After adding the labeled compound n a possil епш. a É 
car i i ou isolate the product ап 
to carry out the metabolic reactions, y ing isotopically ia 
iti For each of the following isotop 
which position the labeled atom appears. Б pea 
ivati indi here the labeled atom will app: 

beled D-glucose derivatives, indicate wl no PP aa 

-8- hate and dihydroxyacetone phosphate. ge 

[RM ean pa that creates an enediol intermedi 

ducts are interconverted by an enzyme ап; E 

ss [Section 99.9Ь). If the labeled atom does not appear in either carbohydrate 
product, indicate where is goes and at which step. 


a b. с 
“сно но но 

B 
TE en pd 

l — HO—C—H 
HO—C—H Е H | 
Herod im c Hero 
—c— H—C—OH 

H—C—OH H i OH | 
CHOH CHOH CHOH 


М ral- 
23.31. Repeat Exercise 23.30 assuming that the enzyme that interconverts p-glyce 
dehyde-3-phosphate and dihydroxyacetone phosphate is missing. 


a 
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CONJUGATE ADDITION REACTIONS OF 
UNSATURATED CARBONYL COMPOUNDS 


24.1 o,B-UNSATURATED CARBONYL COMPOUNDS 
24.2 CONJUGATE ADDITION REACTIONS 
24.3 CONJUGATE ADDITION REACTIONS OF CARBANIONS 
24.4 REDUCTION REACTIONS 
CHAPTER SUMMARY 


The previous six chapters have described chemical transformations of carbonyl-containing 
compounds in which nucleophilic addition reactions are key steps. The fundamental 
mechanisms of these processes, which include variations such as addition-substitution and 
addition-elimination reactions, enable us to understand transformations that are perva- 
sive throughout the fields of chemical Synthesis and biochemistry. 

This chapter describes reactions that can occur when a C-C double bond is con- 
jugated (Section 10.1b) with a carbonyl group. Just as conjugated dienes often differ in 
their reactions with electrophiles when compared to the corresponding reactions of 
simple alkenes (Chapters 10 and 9, respectively), o, -unsaturated carbonyl compounds 
can react with nucleophiles in ways that differ from their simpler aldehyde, ketone, and 


ester analogues. 
\ / +, Electro hili iti \ = ili iti 
== philic addition Ж Мис Nucleophilic addition 
аат * (Chapter 9) с=о > — (Chapters 18-23) 
ms = 
\4 3/ NA а/ 
AN f. 
21 Е. 1,2- and 1,4-Addition 2 1 Nuc- , 1,2- and 1,4-Addition 
Pad á (Chapter 10) TR EE. (Chapter 24) 


In particular, a nucleophile can add either to the carbon-oxyzen or tothe car- 
bon-carbon л bond of an 0, D-unsaturated carbonyl compound. This addition to the 
terminal carbon atom, called conjugate addition or 1,4-addition, occurs by the con- 
certed movement of electrons through the carbon-carbon л bond toward the oxygen 
atom of the carbonyl group. 


WEST ыр — тр" 
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Figure 24.1 

Synthetic methods commonly 
used to prepare ©,В- 
unsaturated carbonyl 
compounds. 
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Addition of a nucleophile to the alkene portion of an o, f-unsaturated carbonyl mole- 
cule takes place because the terminal carbon atom of the conjugated л system is elec. 
trophilic, as one of its resonance forms reveals. 


The conjugate addition reactions of enolate ions (Section 24.3) are particularly valu- 


able because they contribute versatile methods for preparing carbon-carbon bonds to 
the synthetic repertoire. 


24.1 о, В-ОМЅАТОКАТЕ”Р CARBONYL COMPOUNDS 


24.1а o,B-UNSATURATED CARBONYL COMPOUNDS 
АВЕ READILY PREPARED 

You have already learned several ways to prepare compounds that have a C=C double 
bond conjugated with a carbonyl-containing functional group: the Horner-Emmons 
modification of the Wittig reaction (Section 20.4d), elimination of a phenylselenium 
group via oxidation (Section 22.3b), and the aldol reaction (Section 23.1b). The 
Horner-Emmons and aldol reactions are valuable ways to create a carbon skeleton 
from smaller fragments; use of the phenylselenium group is practical when the carbon 
framework already exists. 

Examples of these transformations that are used to prepare o. f-unsaturated car- 
bonyl compounds are summarized in Figure 24.1. Included in this compilation is a 
method that will be described in Section 24.1b: the Mannich reaction. 


The Horner-Emmons reaction (Section 20.4d) 


I 
(MeO),P—CH— COOEt 


МНО Мч СООК 


о 
О 
СУ — CYY 
IU eU 
о 


Elimination of the PhSe group (Section 22.3) 
o 


AS. + PhSeOH 


о 
ALA 1. LDA, THF HO, А 
ILDA THF ri 
2. PhseCi 


SePh 


The aldol reaction (E1cb) (Section 23.1b) 


7 bem ii | acid ог base | 
RCH;—C—H > Ж CH,—C—R’ R—CH=CH—C—R 
H 
The Mannich reaction (Section 24.1b) 
o E О о 
к, Salil ONO , Уу" =; а + (CH;),NH 
(CHj);N 


' 


24.1 œ, B-Unsaturated Carbonyl Compounds 


EXERCISE 24.1 


b. 


a. 
о о 
(еј о 
from ъа from BE xu: 


24.1b THE MANNICH REACTION Is Usep TO МАКЕ 
Q, B-UNSATURATED KETONES 
The Mannich reaction occurs when the enol form of a ketone reacts with an iminium 
cation, the most common of which is RgN*=CHp. These ions are formed in situ by the 
reaction between aqueous formaldehyde, a secondary amine, and an acid ец 
The first step іп the Mannich reaction is the same as that for enamine formation 


(Section 20.3a) namely, nucleophilic addition of th i i 
, , e am 
Puce baee ine nitrogen atom to the car- 


H H аа 
H но \ к N(CHj); 
ai 


of Son 


EXERCISE 24.2 


Using curved arrows, illustrate the mechanism for the reaction shown directly above 
Because formaldehyde has no [-proton, elimination of water occurs under the acidic 
conditions of the reaction to form a dialkyiminium ion. 


H 
Ve МЄН, |o. H 


АУ a 
H YA © 


An iminium ion is electrophilic, so it can react with nucleophiles. For example, a ke- 


\ o 
=н), + H,O 
H 


H 

| (enol formation) a pm $^ 
Koy ote. Cer MU OT 

CH. UE x “ен s : 

© ? @ ree 

* pr 
o \, o 
у N(CH3); | Ї 


С 
[ Y У C 
CH;-CH, — ^ | с. 
VE ( | CH;CH;NH(CH,), СІ СЫС. 


A Mannich base 
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The most convenient way to carry out a Mannich reaction utilizes the hydrochlo- 
ride salt of the dialkylamine, which provides an acid catalyst for the reaction. 


I (CH,CH)), NH; CI", CH0 | 
Sissi bi ыкы к clt 


© C. 
CH “ен; CH; 


д " (66-75%) 
CH;—CH;—NH(CH,, Cl 


ЕХАМРІЕ 24.1 


Propose a reasonable mechanism for the following Mannich reaction, in which a ke- 
tone reacts with dimethylamine hydrochloride and formaldehyde. 


о о 


os CHO. кндн, CO 997277 c- 
H,0 


The Mannich reaction takes place in two stages. In the first stage, the reactive iminium 
ion is formed by the acid-catalyzed addition of dimethylamine to formaldehdye. 


К CH, 
H 
H + E H Vel но, 
= = = + N v—— mc 
ba + HQN(CH3); NH F OH MCA, ^ @ p m © 
H Ti H BS H 
m H 
H МСН): > њо+ н (кен, \ + 
с cn, ===—=® мен, + H,O 
Wd “ӧн @ if You, © H 


In the second stage of the transformation, the ketone undergoes enol formation by 
protonation-deprotonation, and then the enol reacts with the iminium ion to form the 
product. 


o сон сон айй 

CO Oe OO 4 

"> нта ® 
it 


oS [e] | 
CH,CH,N(CH3)> CH;CH;NH(CH3 Ct 
H @ H 


H3C Instead of combining an amine and formaldehyde to make the iminium ion, ы 
i = can use the commercially available iminium species, Eschenmoser’s salt. This compoun 
pees is particularly useful if nonaqueous conditions will be employed, for example, when a 
ке ketone enolate is first made using KH or LDA in THF (Section 22.24). No acid is pre- 
sent under these conditions, so the Mannich base itself is formed. 


Eschenmoser's salt 
(commercially NS 
available) о K 


CH,—N(CHs), 


* = 
KH, THF, 0°C (CH)N=CH; T (88%) 
———— $= 


A Mannich base 
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Once made, Mannich bases and their conj 


ugate acids undergo thermal elimina- 
tion of the amine to form the unsaturated keto 


ne, called an enone. 
о 


o 
a 
N(CH3), а 
NO, NO, 
o о 
сн Мн) CH, 
— + NH(CHj), 


If mild reaction conditions are desired to make the o,B-unsaturated carbonyl com- 
pound, the nitrogen atom is first alkylated with methyl iodide, which makes the amine 
into a better leaving group; elimination is then carried out under Elcb conditions 
(Section.23.1b). For example, a method to prepare o-methylene lactones—a func- 
tional group found in many antitumor drugs—is performed in four steps: 


1. Formation of the enolate ion. 
2. Alkylation of an enolate ion with Eschenmoser's salt. 
3. Methylation of the amine nitrogen atom. 


4. Elimination of trimethylamine by treatment with a weak base (HCO37). 


Р 
N(CH3); N(CH), I7 
Mee ee Т 
1. LDA, THF, — 78°C 3. uc 
о E > о > о 
О 2.(CH);N—CH, Г 


o о 


CNCHS T 
н.у 


4. HCO,” 
о —— ao + N(CH); + Г + но + CO, 
o О 


| EXERCISE 24.3. 


Draw the product expected when the following molecule is treated with LDA and then 
Eschenmoser’s salt. Write a mechanism for each step of the transformation. 


[е] 


24.2 CONJUGATE ADDITION REACTIONS 


24.2a THE CONJUGATE ADDITION OF WATER FoLLows 

THE REVERSE OF THE Е1св MECHANISM 
The general mechanism of conjugate addition processes can be illustrated with а sim- 
ple but important reaction: hydration. This reaction—the conjugate addition of water— 
is a key step in several metabolic pathways. Conjugate addition is also called 1,4-addition 
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the form HX (X = the nucleophile), tautomerism occurs after conjugate addition has 
taken place, so it looks as if HX has added only to the C-C double bond. For example, 
when HX - H-OH (hydration), the conjugate addition process occurs overall as 


follows: 
H H ? н H 
Е. 0 Hio H [s ÒH HO. x. о 
4 2 2 O. 4 
Hc b NIIT у New == у x 
R H H в H H R 


The product appears to have been formed by addition of H and OH to the alkene portion 
of the starting unsaturated ketone; however, addition actually occurs at atoms 1 and 4, and 
then tautomerism of the enol occurs to form the product. 


In basic solution, hydroxide ion is the nucleophile that reacts with the œ p- 
unsaturated carbonyl compound, and it reacts at the end of the conjugated system 
(Step 1). The electrons move through the carbon framework and onto the oxygen 
atom, producing an enolate ion. This enolate ion is protonated by the solvent, water 


o HO н O= HO H OH 
CUN \/ [ OW. а ТД 


Ca cC - [а c 
HC bd “ен, + OH нс “or Хен, —— нс БЗ 


The enol tautomerizes to form the product, a B-hydroxy ketone (Step 3). If you look at 
the Elcb mechanism (Section 23.1b), you will see it is simply the reverse of the base- 
catalyzed conjugate addition of water. 


c pu. c - 
нс“ “eats =a нс Қ `c + HO + OH 
но H H 
H 2 


Hydration can also be catalyzed by acid, and the first step is protonation of the car- 


bonyl oxygen atom, which activates the 


829 


pose a reasonable mechanism for the following transformation, 


o о 
њо* 
EE + CH,OH 
OCH, OH 


24.2b THE CONJUGATE ADDITION or WATER DEFINES Key STEPS 
IN SEVERAL METABOLIC PATHWays 


via aconitate, an a, B-unsaturated diacid. The enzyme that catalyses this reaction is 


Aconitase active site 


Aconitate 


the double bond of aconi- 
"isocitrate. Notice 
nyl groups, so the 


t 
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water molecule can add with either regiochemistry. In one direction, citrate is regen- 
erated; in the other orientation, (2R,35)-isocitrate is formed, as shown below. 


epee) 


OY 


d uem 


тоос PA соо 


E 


H OH 4 
QR3Sisodtrate — 


EXERCISE 24.5. 


Show the steps in the mechanism for the regeneration of citrate from aconitate. 


(е) HO H о 
_ њо 7 
AAR ч A Eno! CoA hydratase AAT ek 
нн 


The resulting alcohol is subsequently oxidized to the B-keto thioester, and then a retro- 
Claisen reaction takes place (Section 93.44). 


24.2с MANY COMPOUNDS ОЕ THE Form НХ UNDERGO 
CONJUGATE ADDITION REACTIONS 


The conjugate addition of water is the prototype for a series of reactions in which a 
molecule H-X (X = CN, Ns, NR», OR, SR. Cl, Br, and I) adds to the conjugated л bonds. 
The mechanisms of addition are identical to those observed for water, and most pro- 
ceed successfully under basic conditions. 

When HCN reacts with an unsaturated carbonyl compound in the presence of 
base, which generates a small amount of cyanide ion, conjugate addition occurs, fol- 
lowed by protonation and tautomerism. An acid-base reaction occurs between HX 
and hydroxide ion at the end of the reaction. 


24.2 ^ Conjugate Addition Reactions 83 


ELSES HOOT а 2C p: a c а 
ЊСТ ее ан, @ MC “се Nen, “э СС b “cH, + OH 


Ke чен, VL. Bg Уе ең, + HCN + OH- (== HO + cn) 
| но H H 


о но 
CN 
N H HCN ^w H 
СМ” (catalyst) 


With O,[-unsaturated ketones and esters, the 1,4-addition pathway is the dominant one. 


CN O 


HCN но+ 
SS -COOEt ——э кєч СОО: = Hooc ~n СООН 


Ethyl acrylate 


HCN Ha Ni 


NN T, NCTN AN -—®%, HN UA UN 


Acrylonitrile 


Raf R 
H~ 
NA = X 
\H {2 H үз ? „лнн 
нс Же, + RNH, == b aw aa oN AS, 
3 с CH; d tse S CH; Q tse e^ 5 
H 
HO H 1) N оно 
M l RÄH, NU [ 
ње Оа == Mc en sen + RNH; + OH- (= HO + RNH, ) 
\ 
H,O 
H 2 H 
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EXERCISE 24.6 


Show how you would Prepare each of the following compounds from cyclohexanone 
and any other reagents. Several steps may be necessary. 


a. b. ic. 
о он о 


СУ N(CH3), 
N(CH), CH;NH; 


Alcohols and thiols undergo conjugate addition with either acid or base catalysis, 
but the base-catalyzed reaction is more common and usually gives higher yields. You 
have already seen one example of thiol conjugate addition in the mechanism by which 
calicheamicin functions (Section 12.4d). Two synthetic examples are shown below. 


o 


о 
SH 
Ace ка (sow (96%) 
NaOCH; (catalyst) 


NaOCH, (catalyst) 


SH 
у СМ van \ g^ 0N (9594) 


EXERCISE 24.7 


Propose a reasonable mechanism for the reaction between thiophenol (CgHsSH) and 
ethyl acrylate, shown directly above. 


24.2d EPOXIDES ARE FORMED BY CONJUGATE ADDITION 
OF THE HYDROPEROXIDE ION TO ENONES 


An addend that differs from those described in Section 24.2c is the hydroperoxide ion. 
The initial conjugate addition step occurs in the way that is typical for nucleophiles. 


„О 


¢ yu 
P H os 
+ соон === 
a OH 
H / © tà 07 


Od 


However, the intermediate enolate ion then reacts as a nucleophile toward the oxygen 
atom of the hydroperoxo group, displacing hydroxide ion as a leaving group. The prod- 
uct is an epoxide. 


o- :О: 
Si oh H 
\ = Ó + on 
9. © H 
Н Con 


The contrast between the epoxidation reactions of enones and alkenes is signi 
cant. Recall that alkenes form epoxides when treated with a peracid: an alkene л bon 


24.2 Conjugate Addition Reactions 


is nucleophilic, and the oxygen atom is an electrophile (Section 11.3e). For an enone, 
the hydroperoxide ion is à nucleophile, which means the carbon-carbon л bond is 
electrophilic. 


Electrophilic Nucleophilic 
o 


o о ( 
QO. 
К 07 SH = 
OY С>» Oy te Oe 
Nucleophilic Electrophilic 


Further support for the notion that the carbon-carbon п bond of an enone is not 
nucleophilic comes from looking at competitive reactions between a peracid and dou- 


EXAMPLE 24.2 


How would you prepare the epoxide shown here Starting with any compound that has 
seven carbon atoms or fewer? 


4 


differentiate the alkene groups. If the alcohol functional group were an aldehyde, then 
the adjacent double bond would be electrophilic, hence unreactive toward the peracid. 


о 
к ОРТА = pow 


ее, Electrophilic 


The aldehyde shown above has seven carbon atoms, so there is no need for additional 
Tetrosynthetic analysis. The synthesis therefore comprises two steps: epoxidation with 
а peracid, which reacts only with the nucleophilic double bond; and reduction of the 


Po ыи 
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aldehyde to yield the alcohol. Sodium borohydride is mild enough that it will not Open 
the epoxide ring. 


o о 
Pw PhCO,H NaBH, TW 
2 N H Ó N H aq EtOH Ó N OH 

EXERCISE 24.8 


Show how you would prepare the epoxide shown below, starting with any compounds 
with six or fewer carbon atoms. 


[o 
О 
24.3 CONJUGATE ADDITION REACTIONS 
OF CARBANIONS 


24.3a STABILIZED ENOLATE Ions UNDERGO A CONJUGATE ADDITION 
PROCESS CALLED THE MICHAEL REACTION 


соон E EtoOC 
^x 
MA a: = maus 
COOEt EtOOC 


Stabilized enolate ions will react with an &,B-unsaturated carbonyl compound by 
conjugate addition, however. This transformation is called the Michael reaction, For ex- 
ample, 3-butene-2-one reacts with diethyl malonate in the presence of sodium ethoxide 


in ethanol. 
H 
| COOEt EtOOC / 
HCA ep + нс oc Жаша ы! 
dy COOEt Etooc CH, * 
Ei 


.  Whenan active methylene compound (Section 22.42) is added to ethanol in which 
a small 


COOEt COOEt P E100¢, o 
Н.с Aa H—C + H сн —— FER EH; OH 
соон (5 COOEt к © ьосс R 


24.3 Conjugate Addition Reactions of Carbanions 835 
EtOOC о- COOEt Etooc P COOEt 
п Hisce. + HC ~N FH—CH,— CHC + ага 
EtOOC R Coot © good CH, COOEt 


ceptor. The reactants that form the carbanion nucleophiles usually have pK, values less 
than ~ 14. These reactants include B-diesters, B-diketones, B-keto esters, B-cyano esters, 
and nitro compounds, 


COOEt OOEt 
COOEt woe, (EtOOC),CH s 
а! 
H,C + =f (55-60%) 
COOEt 
XN 
о! 
cH + SCN MO CN (69-83%) 
СОО: NC СООЕ: 
до; 
сн,—сй + \-COOCH, | 9€, s ала (80-86%) 
CH; 


24.3b UNSTABILIZED ENOLATE Ions CAN Arso UNDERGO 
THE MICHAEL REACTION 


The enolate ion is formed using a strong base such as LDA (Section 29.24). Addi- 
tion ofa Michael acceptor results in conjugate addition and formation of a second eno- 


о O- tit О 

H3C P LDA, THF Н.С si < 

3 { 

D “осн, Tue Е “< “осн, + Z9 
CH; © CH; 


This procedure works well in many instances, giving high yields of 1,4-addition prod- 
"cts. Aldol and Claisen condensation products can also be formed, which is a potential 
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complication, so highly reactive Michael acceptors such as cyanoacrylates, which com- 
prise the active ingredient in super glue, are sometimes used to circumvent this problem, 


o` Lit o 


CN CN 
H,0* workup 
+ X LET, Соок 8% 
COOEt 


1. LDA, THF 


о 
о 2. о Ph [9] 
ie (20%) 
3. H,0* Ph 


Conjugate addition of a nonstabilized enolate ion has a benefit, however, that the 
Michael reaction of a stabilized enolate ion lacks. After conjugate addition occurs to 
form the second enolate ion, workup can be performed by adding an alkyl halide in- 
stead of aqueous acid. 


E 
c9 Li 


о 
Wee 
ae в“ a 
———À5 
COOCH; COOCH; 


The product of this procedure, called tandem addition-alkylation, has two substituents 
more than the starting material. This strategy is represented schematically by the fol- 
lowing equation, comprising two steps: reaction with a nucleophile followed by reac- 
tion with an electrophile. 


о 


1. R^ (enolate ion) 
2. R'* (alkyl halide) 


EXAMPLE 24.3 


Show how you would prepare the product shown here from compounds with seven or 
fewer carbon atoms. One of the steps should be a Michael reaction. 


CH;Ph 
COOEt 


соон 


To prepare a ketone using a Michael reaction, plan the retrosynthesis by breaking a 
bond to the carbon atom В to the carbonyl group: The fragment that is disconnected 
is attached as its enolate ion. Any group © to the carbonyl group can be attached using 
an alkyl halide in the second phase of the procedure. For this compound, the discon- 
nections are made as follows: 


о 
y 9B 
CH;Ph 
= + => uc + { ) 
РЕ “вг \ 


COOEt 
COOEt COOEt 


24.3 Conjugate Addition Reactions of Carbanions 


The synthesis follows the reverse of these steps and includes formation of the enolate 
ion. If an alkylation step is included in the synthesis, as it is here, then an aprotic sol- 
vent should be used. 


a E ji 
COOEt NE m 
/ 1. KH, THF Ph "Br CH;Ph 
HaC > — > 
\ : А COOEt COOEt 
COOEt 
COOEt COOEt 


| EXERCISE 24.9. 
Show how you would prepare each of the following products from compounds with 
eight or fewer carbon atoms. One of the steps should be a Michael reaction. 


a. о ь Он 
аа om 
он 


24.3с THE ROBINSON ANNULATION Process Makes Use 
OF THE MICHAEL AND ALDOL REACTIONS 


A particularly useful variant of the Michael reaction is the Robinson annulation, which 
is used to prepare cyclohexenone derivatives. 


I O NaOEt, EtOH LO 
+ ———————À 
о о о 


The first step is formation of an enolate ion, which undergoes a Michael reaction 
with methyl vinyl ketone (3-buten-2-one). (Other unsaturated ketones can also be used 
in this procedure.) 


2) NaOEt, EtOH Г) 
„едЕ 
о © 7X 


The enolate ion formed in this step undergoes two acid-base reactions to form its iso- 
meric enolate ion. 


Show the details of the mechanism by which the two enolate ions in the preceding 
scheme are interconverted; use curved arrows to denote the movement of electrons. 


ple LT 
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This enolate ion adds to the other ketone group in a crossed-aldol reaction, which 
creates the six-membered ring. The alkoxide ion that forms is subsequently Protonateq 
and undergoes elimination (Elcb mechanism) to form the cyclohexenone product. 


EXERCISE 24.11. 


Write the steps for the mechanism of the Elcb reaction shown directly above. 


24.3d ORGANOMETALLIC REAGENTS VARY IN THEIR REACTIONS 
WITH 0, B-UNSATURATED CARBONYL COMPOUNDS 
Enolate ions are carbanions that are stabilized by delocalization with a carbonyl group, 


quite differently; in fact, Grignard reagents undergo mostly 1,2-addition with о,В- 
unsaturated carbonyl compounds unless the carbonyl group is very hindered. Organo- 
lithium compounds are even more prone to yield only 1,2-addition products because 
they are less sensitive to steric effects. 


RÅ О 1.R“—MgBr, EO А“ OH R 
20 198г, Et; Pd о 
eS 
bn Fie id on T bui d 
R R R 
1,2-Addition 1,4-Addition 


In contrast to the reactions of the highly reactive RMgX and RLi reagents with oc - 
unsaturated carbonyl compounds, organocuprates react almost exclusively by conju- 
gate addition pathways. These reactions include both the Gilman and the higher order 
cuprate reagents (Section 15.3). 


о (е) 
1. (CH); CuLi 1 
њо ^ (9896) 


о 


о 
1. (CoH3),Cu(CN)Lig, ЕТ,О, — 78°C 
2.H,0* > (83%) 
s% 
o 
1. (CéHS);Cu(CN)Li,, Et,0, — 78°C 
2. H0* > (84%) 


24,3 Conjugate Addition Reactions of Carbanions 


Neither type of organocuprate reagent—Gilman or higher order—reacts well with 
unsaturated esters, however. Organocuprate-boron trifluoride adducts, RCn (ВЕз) are 
preferred for such reactions. 


ol: 1. (C4Hy);Cu(CN)Li;, Et;O, warm to 25°C : 
Z NCOOEt 2.H,0* — Mixture 


` 


d. 1. (C4Hg)Cu:BF,, Et;O, warm to 0°C 
2 “соон зто? > соо @6% 


EXAMPLE 24.4 


Using an organometallic reagent and any organic compounds with seven or fewer car- 
bon atoms, show how you would prepare the following compound: 


Pet. 
EN 


For a carbonyl compound, the retrosynthesis can normally be planned by breaking a 
bond to the carbon atom f to the carbonyl group: The fragment that is disconnected 
is attached during synthesis by using an organocuprate reagent, which in turn is made 
from an organolithium compound. For this compound, the disconnection is made as 


follows: 
Jpn oues кү Г “соок: 
= + 
WI EN 


To perform the conjugate addition reaction between an organocuprate reagent and an 
ester, the cuprate reagent is made with 1 equiv of copper ion, followed by addition of BFs. 


Li 1. Cul, THE Cu(BF3) 1. CH;CH=CHCOOEt COOEt 
EX E “uo - 2 
«е 2. BF; 2. HjO N 


EXERCISE 24.12 


Using an organometallic reagent and any organic compounds with seven or fewer car- 
bon atoms, show how you would prepare the compounds below: 


a. b. о 


24.3e CONJUGATE ADDITION BY ORGANOCUPRATE REAGENTS 
Can Be COMBINED WITH ENOLATE ION ALKYLATION 


Just like conjugate addition reactions of enolate ions in aprotic solvents, conjugate ad- 
dition reactions of organocuprates produce enolate ions. Therefore, workup can be 
carried out by adding an alkyl halide instead of aqueous acid, and the product will have 
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two additional substituents. This procedure is another example of tandem addition—alhy. 
lation (Section 24.3Ь). 


о о-и? о 
R 
LiCuR,, —78°С R-X 
THF 
R R 


The two organic groups that are introduced by this strategy often have a trans- 
relationship to each other because that stereochemistry minimizes steric interactions 
between the two groups. If the cis-isomer is formed, then epimerization via the enolate 
ion is often possible (Section 22.2b). In the following example, even a weak base such 
as acetate ion is sufficient to epimerize the carbon atom adjacent to the carbonyl 
group, producing the thermodynamically favored trans product. 


о о о 
1. Ph;CuLi, THF a Е or a E 
—— —9À 
2, МХ, 

Ph Ph 
Ratio: 93:7 
fe) O^ Nat о o 
“неде “| «o Q^ y Cr 
Ph Ph Ph Ph 


Ratio: 5:95 


Furthermore, if PhSeCl is added to the product from the conjugate addition step 
with an organocuprate reagent, then the conjugated system can be regenerated by ox- 
idation. Tandem addition-phenylselenation takes place in Stage 1 of the following re- 
action scheme. Oxidation of that product using hydrogen peroxide in Stage 2 leads to 
formation of the enone. 


о о 


1. LiCuMe;, THE 
E EX Ao (88%) 
SePh 
о о 
ДА, SS ih 
SePh 


This series of transformations can be exploited so that éwo groups are added to the B- 
carbon atom of an enone, as summarized by the following scheme: 


о о о 
1. LiCuR, 1. Licur’, 
2. PhSeBr 2.80* R' 
3. H,0,, A R R 


24.3 Conjugate Addition Reactions of Carbanions 


EXERCISE 24.13 


Show how you would prepare the following compounds from cyclohexenone and any 
other organic or organometallic compounds with six or fewer carbon atoms. 


a. b. 
о о 


24.3f THE TANDEM ADDITION-ALKYLATION PROCEDURE 
HAS A BIOCHEMICAL COUNTERPART 


The use of an organocuprate reagent to form a specific enolate ion is valuable because 
the enolate ion can be further elaborated by alkylation. The nonaqueous conditions re- 
quired for the tandem addition-alkylation procedure might lead you to conclude that 
no counterpart exists in biological systems, yet Nature does make use of the tandem ad- 
dition-alkylation strategy using different nucleophiles for the initial conjugate addition 
step. A specific example of this process comprises the biosynthesis of thymidine, which 
is one of the building blocks of deoxyribonucleic acid (DNA), the molecule used to store 
and transmit genetic information in organisms. 

Thymidine is a nucleotide, a derivative of ribose with a phosphate group at the 5’- 
position and a heterocycle attached via a glycosidic bond (Section 17.4) to the 1’-position 
(the prime marks denote substitution in the sugar ring). During biosynthesis, 2- 
deoxyuridine monophosphate is methylated to form thymidine monophosphate. The 
enzyme thymidylate synthase catalyzes this reaction, which also requires the coenzyme 
N5,N' -methylenetetrahydrofolate (MeTHF). 


MeTHF 


—— y 
thymidylate synthase 


HO H 


2'-Deoxyuridine monophosphate (dUMP) 
Not found in RNA or in DNA A component of DNA; 
not found in RNA 


The methyl group at position 5 in TMP comes from a methylene group and a hydro- 
gen atom (highlighted in the following structure) of the coenzyme. 


H 
HNN N 
| H 
А УМ о coo- 
d o] | 
CHL-N C—N—C—CH,CH,COO™ 


H 


N*,N'-Methylenetetrahydrofolate (MeTHF) 


Thymidine monophosphate (TMP) 
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The active site of the enzyme has two reactive centers: a cysteine thiolate group and 
an acidic site. It also has binding sites for the substrate and coenzyme. In the first step 
the thiolate ion undergoes conjugate addition to the heterocycle. This step creates A 
enolate ion. 


Thymidylate synthase 
ы active site 


co и “а, 
H Š 
ү "S | 
ёш “н f : б:- 
di j oN | 
HO H |, РОСН; о = 
us 
b. А 
HO H 


P, is the inorganic phosphate group. 


In the second step—the alkylation step—the enolate ion reacts with the methylene 
group of MeTHF. The methylene carbon atom is electrophilic because it is attached to 
two nitrogen atoms. During reaction at this methylene group, the M° atom functions 
as the leaving group, acquiring a proton as its bond to the CH» group is broken. 


H 
HN N N 3 
eat 
Y н \ — 
N A N | » Н » 
m HO | ; | 
70:7 | 


7 нм. ом. ON 1 

Сн, МЕ | 1 ЕЕЕ, 
j i | N i 
| 1 


HN л @ \ 
A An H> = \ HO — CH, 
О М cue ] 


z 
\ 


P,OCH, У 
о vs 
(Cys ) 


HO H | РОСН, 


The next step creates an o-methylene carbonyl compound by elimination. 


Su enc 


24.4 Reduction Reactions 


The final stage of the overall transformation, which is not shown, involves a conju- 
gate reduction reaction in which the hydrogen atom (highlighted in the structure at 
the right, above) is transferred to the methylene group to create the methyl group. 
This example serves to illustrate that tandem addition-alkylation is not limited to lab- 
oratory reactions but rather is involved in critical biochemical transformations as well. 


24.4 REDUCTION REACTIONS 


244a METAL HYDRIDE REAGENTS CAN ВЕ USED FOR THE SELECTIVE 
REDUCTION OF UNSATURATED CARBONYL COMPOUNDS 


Hydride ion and its equivalent forms (e.g., Hg and a metal catalyst) can reduce either 
or both of the double bonds in a conjugated л-ѕуѕіет. If conjugate addition occurs 
first, then further reduction of the carbonyl group can follow, and a mixture of prod- 
ucts is often obtained under such conditions. 


о он о он 
pp лт, grae Р PUN 


Sodium borohydride and lithium aluminum hydride react preferentially with the car- 
bonyl group ofan o unsaturated aldehyde or ketone, but the reduction of both л bonds 
is not uncommon. When exclusive 1,2-addition is desired, the combination of cerium (IT) 
chloride and 4 ensures that the allylic alcohol is the major product. The téfium ion 
most likely coordinates with the oxygen atom, activating the carbonyl group for addition 
and directing hydride reduction from a coordinated borohydride group, as shown here: 


H 
He н 
H се) 
че. 5 __ 


— 


PEE ESSN SSP PST i 
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The following examples illustrate the contrast during the course of enone reduc. 
tion by sodium borohydride in the absence and presence of cerium chloride: 


OH OH 

о он он 

NaBH,, MeOH " AA NaBH,, MeOH „че. А Д 
(89%) (11%) 

(51%) (49%) 

o OH 
ч еч WEIT „ДД 

MeOH 
(10096) 


(> 9996) 


To reduce the carbonyl group of an unsaturated ester, АІНз or diisobutylaluminum 
hydride (Dibal-H) promote clean reduction to yield the allylic alcohol. 


Me,Si Me,Si 
1. AIH, ether, 0°C (94%) 
COOH; SSF Son 
PhCH,O COOEt PhCH,O CH,OH 

1. Dibal—H, — 78°С 
- 85% 
\ 2. но? \ (85%) 

N N 


EXERCISE 24.14 
Show how you would prepare each of the following compounds starting with cyclo- 
hexenone and any other Organic compound with six or fewer carbon atoms. 


a. b. 
OH OH 


24.4b CATALYTIC HYDROGENATION CAN BE USED TO REDUCE ENONES 
For many @,B-unsaturated carbonyl compounds, reduction of the alkene portion of the 
molecule is straightforward and makes use of heterogeneous catalytic hydrogenation. An 
example is shown below. Only recently has it become practical to reduce the carbonyl 
group of a,B-unsaturated ketones catalytically without affecting the C=C double bond. 


О о 
Hz, 10% Pd/C в. (91%) 


‘ 


—————— eee —À "Чыл А ALLA VES TD 


24.4 Reduction Reactions 


stereochemistry of thé alcohol product, one employs catalysis of. the form 
RuCls(ArsP)s(en), where "en" is H3NCH$;CH$;NH; (ethylenediamine). A base such as 
KOC(CH3)s (KgCOs, if the compound is sensitive to strong base) is added to a 9- 
propanol solution of the ketone and catalyst, and the mixture is allowed to react under 
several atmospheres of Н» pressure. Both chemical yields (» 9695) and degree of 
chemoselectivity (C=O > C=C) are high. 


, ' 
| Ї Кисі(АгзР) (еп) | (uc No UN. 

Rr NN E gr Se s з "Ru J 
N 


ey 
(CH3);COK or K,CO, R 
| 2-propanol, H; | (нус P^ | 3 
В" R” A С Н, 
Racemic RuCcl,(ArsP),(en) 


To prepare a chiral product, the same Noyori catalysts that were described in Sec- 
tion 18.3c are used. In reactions that are characterized by high chemical yields (>96%) 


š 


|o] | 5 
c c RuChKG)-xylBINAPI()-DAIPEN] c € 
RT Мс м (ЄН,СОК or K,CO, К ХС Ур 
к 2-propanol, Н, | 
R R 
OH OH 
i : CH; OH 
Seu, CH; OH i 
Nee сн, CH; 
97% ee 99% ee 97% ee 99% ee 


a 
a 
N 


Show how you would prepare each of the following com pounds from any organic com- 
pounds that have six or fewer carbon atoms. You may use any reagents or solvents also. 


24.4c SOLVATED ELECTRONS CAN ВЕ USED TO REDUCE 

THE C=C Вомр or ENONES 
A method for the conjugate reduction of &; ff-unsaturated ketones proceeds by addition 
of electrons from a metal like lithium dissolved in liquid ammonia—a dissolving metal 
reduction. You have learned previously that this procedure is used to make cis-alkenes 
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from alkynes (Section 12.2c). Likewise, enones readily add an electron to produce rad- 
ical-anion intermediates. 


26:7 


AG чч, PA 


Transfer of a second electron, followed by two protonation steps, gives the ketone product. 


(gn 
2? —————À o + ~O—t-Bu 


1035 б. : 
A o pm + 7O—t-Bu 


As an acid, liquid ammonia is too weak to protonate the enolate ion in Step 4, soa 
proton donor such as alcohol (¢BuOH or EtOH) is usually added to the reaction mix- 
ture. A cosolvent of ether or THF is also added to dissolve the organic reactants and 


products. 
The stereochemistry of the product depends on the structure of the intermediate 


just prior to the second protonation step. If a single stereocenter is created, a racemic 
mixture is formed. 


o o 


Li/NH;, Вион 
_ + 


С 


Ratio: 50 : 50 


On the other hand, if the starting enone is chiral, then the products are diastereomers, 
and the stereochemistry depends on the experimental conditions. A well-studied class 
of compounds comprises the Al-9-2-octalones, which normally give a product that has 


a trans-ring junction. 
4 5 
3 6 LUNH, EtOH 
2 oee 
о М6 7 о + 
H 


10-Methyl-A'?-2-octalone 
А means a double bond is present. 


24.4d SOLVATED ELECTRONS CAN BE USED TO FORM SPECIFIC 
ENOLATE ION DERIVATIVES OF ENONES 


If you look at the mechanism for the enone reduction reaction described in Section 
24.4c, you will see that the final step (Step 4) is an acid-base reaction that results in pro- 


24.4 Reduction Reactions 


lating agent. 


o 


9 o- Lit O^ Lit 


LDA, THF 
= 


| А dissolving metal reduction, on the other hand, produces the enolate ion on the 
side of the ketone that has the double bond, and that is the side of the carbonyl group 
at which alkylation also occurs. The following two examples illustrate the specific alky- 
lation of an enolate ion produced by reduction of an enone. ” 


o O- Lit о 
Li/NH, pP» 
1 equiv Ho ^ à $0 (43-47%) 
H 
1. LINH; 
o 2. н] ? (47%) 


EXERCISE 24.16 


What is the major product expected from each of the following sequences? 


а, b. 
o о 
1. Li/NH;, Et,0, 1. Li/NH;, E 
з 5 з, ЕЪО, 
1 equiv t-BuOH 1 equiv t-BuOH 
ZA 2CHI 
Сү 


Br 
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a, 
CHAPTER SUMMARY : 
Section 24.1 o, f-Unsaturated carbonyl compounds 
e Three general methods to prepare an oc [-unsaturated carbonyl compound in- 
clude the Horner-Emmons reaction, phenylselenation followed by oxidation 
and elimination, and the aldol reaction followed by dehydration. 
* The Mannich reaction generates an a,B-unsaturated ketone by elimination of 
an amine from the product of the reaction between an enolizable ketone and an 
iminium salt of formaldehyde. 


Section 24.2 Conjugate addition reactions 

e Conjugate addition, also called 1,4-addition, is the reaction of a nucleophile 
at the carbon atom В to the carbonyl group of an @,B-unsaturated carbonyl 
compound. 

* If a nucleophile that undergoes conjugate addition is added to the reaction 
mixture as its conjugate acid (H-Nuc), the product of the addition step will 
have a proton attached to the oxygen atom of the carbonyl group; tautomerism 
regenerates the carbonyl group. 

е Water undergoes conjugate addition to an o,B-unsaturated carbonyl compound. 

* Conjugate addition of water is a key step in several important biochemical trans- 
formations including fatty acid metabolism and isomerization of citrate during 
turnover of the citric acid cycle. 

e Alcohols, thiols, amines, and HCN participate in conjugate addition reactions 
with o,B-unsaturated carbonyl compounds. These reactions are catalyzed by ei- 
ther acid or base. 

* Conjugate addition of the hydroperoxide ion is used to make the epoxide de- 
rivative of an o, -unsaturated ketone. 


Section 24.3  Conjugate addition reactions of carbanions 

* Active methylene compounds participate in conjugate addition reactions under 
basic conditions; the general process is called the Michael reaction. 

o Enolate derivatives of ketones and esters participate in the Michael reaction if 
the reaction is performed in an aprotic solvent. 

* The product of a Michael reaction between an o, B-unsaturated ketone and a 
preformed enolate ion is a new enolate ion that can subsequently be alkylated. 
This procedure is called tandem addition-alkylation. 

e The Robinson annulation reaction is a two-step process that generates a cyclo- 
hexenone derivative; the two steps comprise conjugate addition followed by an 
intramolecular aldol reaction. 

* Grignard and organolithium compounds normally undergo direct addition 
(1,2-addition) to a, f-unsaturated carbonyl compounds. 

ә Organocuprate reagents generally undergo conjugate addition when they react 
with o,B-+unsaturated carbonyl compounds. 

• The enolate product that is formed by conjugate addition of an organocuprate 
to an 0, [-unsaturated ketone can be alkylated; this transformation is another ex- 
ample of tandem addition-alkylation. 


The enolate product formed by conjugate addition of an organocuprate Me 
o.,B-unsaturated ketone can be treated with PhSeCl; oxidation of the resulting 
PhSe derivative regenerates the o, -unsaturated carbonyl functionality. | 

e А biochemical example of tandem addition-alkylation is found in the biosyn- 
thesis of thymidine, a building block of DNA. 
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Section 24.4 Reduction reactions 


e The combination of NaBH, and CeCls is used to reduce an o,B-unsaturated ke- 
tone to the corresponding allylic alcohol. 


e Aluminum hydrides (other than LiAIH4) are used to reduce an o, B-unsaturated 
ester to the corresponding allylic alcohol. 


Ruthenium catalysts are used to reduce o, [-unsaturated ketones with Hg to form 
the corresponding allylic alcohols. Chiral ruthenium catalysts lead to enantio- 
selective reduction of the carbonyl group. 


Lithium in liquid ammonia, with excess protons from a source such as tert-butyl 
alcohol, reduces o,,B-unsaturated ketones to the corresponding saturated ketones. 
Lithium in liquid ammonia without an added proton source (or with 1 equiv of 
a proton source) generates an enolate ion from an o. f.-unsaturated ketone. The 
enolate ion can be alkylated at the position œ to the carbonyl group. 


———————————————— 


KEY TERMS 
Introduction Section 24.3a Section 24.3c 
conjugate addition Michael reaction Robinson annulation 
1,4-addition 


Michael acceptor 


Section 24.1b Section 24.3b 
Mannich reaction tandem 
Mannich base addition-alkylation 
enone 
REACTION SUMMARY 
Section 24.1a 
General methods to prepare o. -unsaturated carbonyl compounds are summarized in 
Figure 24.1 


Section 24.1b 


The Mannich reaction. A ketone reacts with the salt of an amine and formaldehyde to 


form an adduct that upon heating undergoes elimination to form the corresponding 
o, B-unsaturated ketone. 


о о 
М R R 
- (CH3);NH;, o r 
R Ay carnii у" 4 Y 


Section 24.2a 


0, B-Unsaturated carbonyl compounds react with water by conjugate addition pathways. 
The reaction can be catalyzed by acid or base. 


О HO o 
a H;0* 
a i or OH^, HO Кох 
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Section 24.2c 


o,B-Unsaturated carbonyl compounds react with alcohols, thiols, amines, and HCN by 
conjugate addition pathways. The reaction is normally catalyzed by base. 


o X О 
X= CN, OR, SR, NHR, NR; 


Section 24.2d 


o.,B-Unsaturated ketones react with the hydroperoxide ion to form epoxides at the car- 
bon-carbon double-bond portion of the molecule. 


R’ H,O, OHT К 
= 


Section 24.3a 


The Michael reaction: o, ff-unsaturated carbonyl compounds undergo conjugate addi- 
tion reactions in alcohol solvents with enolate ions derived from P-dicarbonyl compounds. 


о p: b H 
r + HC ase po о 
\ —— > Z Т 
Z, Z' = COOEt, CHO, COR, CN, NO; 


Section 24.3b 


C, -Unsaturated carbonyl compounds undergo conjugate addition reactions with non- 
stabilized enolate ions in an aprotic solvent. 


o 
o 
bi 
udi + нс — =, ici es. 


Z = COOEt, CHO, COR, CN, NO, 


Section 24.3c 


The Robinson annulation. An 0,B-unsaturated ketone reacts with methyl vinyl ketone 
by a combination of Michael and aldol reactions to form a cyclohexenone derivative. 


ES LX, 
base 
O^ ^R (е) R’ 
Section 24.3d 


o, -Unsaturated carbonyl compounds undergo direct (1,2-) addition with Grignard 
and organolithium reagents. 


IPM RI nts GR нн I KA iru 


| 
| 
| 
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Section 24.3e 


The enolate ion intermediate formed by conjugate addition of an 


organocuprate 
reagent can be alkylated or treated with phenylselenyl chloride. à i 
n rà 
d dd DR, bd od E" ER ie 
SePh 
O 1. сив, R о H0. 
dc 2. Phsecl Boe = Tus 


Section 24.4a 


The carbonyl portion of a.,B-unsaturated carbonyl compounds can be reduced with cer- 
tain hydride reagents. 


R О _Nab р OH R 1. Dibal—H 
bid Tod ^ ioo d мио unto 3 Ке ОН 


OR’ 


Section 24.4b 


Hydrogenation of o, B-unsaturated carbonyl compounds. Chiral Noyori catalysts lead to 
enantioselective reduction of the carbonyl group. 


R' о -— R’ OH 
Cl; (Ar;P); (en) 
N UCIAAr Pa 
eS (CHJ,COK or КСО; rA Ae 
R” 2-propanol, н, В" 


Section 24.4c 


Treating an o,f-unsaturated carbonyl compound with lithium in liquid ammonia and 
tert-butyl alcohol (added as a proton source) leads to reduction of the C=C double 


di d Li, NH3, t-BuOH Ai 
———— 


Section 24.4d 


The enolate ion formed via dissolving metal reductions can be alkylated. 


R 
O ү O^ Li* 
a Li, NH, EN RX о 
db à T equiv ? т UTERE 
t-BuOH 
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ADDITIONAL EXERCISES 
.17. Draw the structure that corresponds to each of the following substances: 
a. Methyl 2-phenylselenylbutanoate 
b. (5)-3-Mehyl-2-isopropylidenecyclopentanone 
c. 2,3-Epoxycyclohexanone 


колу 
4.18. Provide a systematic name for each of the following molecules: 


a. b. о С. 


о 
НС. 
NC 


нс CH, d. О 


ы CHS 
N(CH), FN > 
O;N—CH,CH,CH; CHO 


24.19. Propose a reasonable mechanism for the following transformation, which be- 
— gins with conjugate addition of water. 


ci 


о 
НО“, д 
уу ——À pu 


2 26. A chemist decided to prepare compound А by carrying out a base-catalyzed 
2 conjugate addition reaction between water and 2-isopropylidenecyclohexanone. 
Upon workup, he detects the odor of acetone and isolates compound B instead. 

What is the structure of B? Propose a mechanism to explain what happened. 


о [9] 
OH 
a н,о, OHT 
————À 
A 


24.91. The synthesis of diethyl tertbutylmalonate cannot be accomplished by the fol- 

са lowing route. Explain. Instead it is made by conjugate addition of CH3MgBr to the 

Я 2-isopropylidene derivative of diethyl malonate. Show how you would make this un- 

saturated compound from diethyl malonate and any other reagents and solvents 
(Hint: See Exercise 23.20). 


f9ott COOEt 
1. NaOEt, EtOH 
cn 2. tert-Buty! bromide >O (CHs)3C—CH 
COOEt COOEt 


Z 

2422. Starting with compounds that have six or fewer carbon atoms, show how you 
would synthesize each of the following via a Michael reaction. Several steps may be 
necessary. 


a. b. 
[e] 


et 


| 
CH;—C—CH—CH,CH,CN 
COOEt 


Additional Exercises 


24,23. The following transformation proceeds by a combination of Michael and 
crossed-aldol reactions. Propose a mechanism for this process, called the Baylis- 
Hillman. reaction. 


CHO 
1. NaOCH,, EN COOCH, 


OCH; 


Aa Conjugate addition of cyanide ion to an enone can be accomplished by using 
diethylaluminum cyanide. Aluminum is a very oxophilic (oxygen loving) element, 
so it acts as a Lewis acid toward oxygen. Propose a reasonable mechanism for the 
first part of the following reaction sequence. 


LO FGAI—CN Lio њо* OO 
———— ———À 
о AlI— 

PER CN 2 CN 
ee the structure(s) of the major product(s) expected from each of the fol- 


lowing reactions. Indicate the stereochemistry of the product as appropriate. Rel- 
ative stereochemistry should be shown using wedges and dashed lines. If a racemic 
mixture will be formed, draw the structure of one enantiomer and write the word 
“racemic”, or draw both enantiomeric structures. If diastereomers are formed, 


draw each structure; label meso compounds as such. If no reaction occurs, write 
N.R. 


a. b. 
О 1.LDA 
1. Dibal—H, — 78°C 2. (CH3),N=CH, + T 
A ~COOEt _ ———3 PORNO г, 
2. њо о 3. СН,СН1 
с а. 
[9] 
а HCN, СМ- (catalyst) H203, OH 
————M—À — À— —> 
OMe 
е f. 
CN CH,COCH;COOEt 1. LiCu(CH;); 
== ишсе, 
b NaOEt, EtOH 2. Br 
o 
g h. 
о 


NaBH,, CeCl,, MeOH 
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24:26. In the conversion of citrate to aconitate (Section 24.2b), the pro-R hydrogen 
atom of the pro-R carboxymethyl group (Exercise 16.27) is removed along with the 


OH group. 


Citrate 


i boxymethyl groups, assuming that 
. Assign pro-Rand pro-S to each of the two carboxym 
й one of A hydrogen atoms of one of the methylene groups is replaced by OH. 


b. Assign pro-Rand pro-S to each of the hydrogen atoms of each methylene group, 
assuming replacement by OH. 
24.27. In many organisms, aerobic metabolism makes use of a sequence of reactions 


called the citric acid cycle, summarized below. Draw the structure for are о 
pound in this scheme. Propose a mechanism for each numbered step based on the 


descriptive phrase given. 


Acetyl-CoA Bl Dehydration (E1cb) 


— . 
Citrate [Aconitate] 


Hydration 
[2] (conjugate addition) 


Crossed-aldol 
[s] reaction 


Oxaloacetate (2R,35)-Isocitrate 


(2-ketobutanedioic acid) 


Oxidation (NAD"), 
decarboxylation 


idation (NAD *) 
[s] Oxidati ои 


(S)-Malate a-Ketoglutarate id 
[(S)-2-hydroxybutanedioic acid] (2-ketopentanedioic aci 


Oxidative decarboxylation 


Hydration 
[а] (conjugate addition) 


Succinate 
(ae (butanedioic со, 
butenedioic acid) Р acid) 
Dehydrogenation 


i i i fewer carbon atoms, show how 
428. Starting with any compounds that have six or few | i 
y pn would Pur. each of the following via the Robinson annulation procedure 
with methyl vinyl ketone as one reactant. Several steps may be necessary. 


a. b. о с. 
о е) ba, 


Additional Exercises 


24.29. In performing each of the following reactions, indicate what you would look 
for in the !H and broad-band decoupled !5C NMR spectra to be certain that the re- 
action occurred and was successful. List, as applicable, the chemical shifts, inte- 
grated intensity values, splitting patterns, and DEPT results. 


OCH; b. 


а. 
CN CN 
Ва CY o o 
——À 
pu 


24.80. Draw the structure of the product expected from each of the following sequences: 


a. b. 
CN 1.Li* ~CH,COOt-Bu, THF 
1. CH,(COOEt),, ОЕ+- 2.H,0* 
wCOOEt _1 CHh(COOED, OEC. 
ы-ы Or 
Ми 2.H,07, А 3. LIAIH,, THF 


4. HjO 


24.31. Starting with cycloheptanone and any compounds that have five or fewer carbon 
atoms, show how you would synthesize each of the following compounds. Several 
steps may be necessary. 


a. b. с. 
О o о 
Q X C 
CH; 

2432. Compound B is the product of a Michael reaction between A, CsHg0, and di- 
ethylmalonate that has been subsequently heated with 10% aqueous hydrochloric 
acid for several hours. Compound B can also be obtained by ozonolysis of С, C7Hjo, 
followed by oxidative workup. The ІН NMR spectrum of B has no feature that ap- 
pears a singlet besides the signal for the carboxylic acid proton. If C is treated in se- 
quence with (1) borane—THF; (2) hydrogen peroxide and sodium hydroxide; (3) 
chromium oxide in acetic acid; (4) and m-chloroperoxybenzoic acid (MCPBA), 
then compound D, СНО», is obtained. Compound D can also be made from B 


by stirring the latter with sodium borohydride in aqueous ethanol followed by 
workup with aqueous sulfuric acid. Draw structures for compounds A-D. 


24.33. A radical can undergo conjugate addition to an unsaturated carbonyl com- 
pound. Propose a mechanism for the following cyclization reaction. (Review Chap- 
ter 12 to recall how such reactions are initiated and terminated.) 


UG Bu,SnH, AIBN, A rr 
—————35 
b OCH; о 
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YU. Identify each of the following compoung from their ІН NMR spectra. These 


compounds each have a strong carbonyl absorption in their IR spectra. 


a. С,НЬО 
(3) 
2 
"a 
E 
© 
ES 
(1) 
(2) 
"H | L 
T | E Г Т T T | 
7 | 6 | 5 4 3 2 1 0 
8 
(1) (1) (1) 
Г | | T | 1 
6.6 6.4 6.2 6.0 5.8 5.6 


| 


c 


Intensity 


Additional Exercises 857 
. CHO; 
| 
(1) | 
| 
(1) 
JA | 
r- T LH > EE r- 
13 12 11 7 6 5 4 3 1 
$ 
I Т 1 T T T T T T T 71 T ТЇ 
5.80 5.70 5.60 2.30 2.20 2.10 2.00 1.90 1.80 
ò ô 


sarees sneer encima eam ee DU IR MU mia t Utt 


t 


THE CHEMISTRY OF Porvcvcuic 
AND HETEROCYCLIC ARENES 


25.1 POLYCYCLIC AROMATIC COMPOUNDS 
25.2 PYRIDINE AND RELATED HETEROCYCLES 
25.3 PYRROLE AND RELATED HETEROCYCLES 
25.4 AZOLES 

CHAPTER SUMMARY 


The chemistry of aromatic compounds, with an emphasis on benzene and its deriva- 
tives, was the subject of Chapter 17. Molecules with multiple rings (polycyclic compounds) 
and those that contain heteroatoms (Aeterocycles) can also be aromatic, and these were 
mentioned briefly in connection with Hückel's rule (Section 17.1e). This chapter pre- 
sents more detailed descriptions of the reaction chemistry of polycyclic and hetero- 
cyclic aromatic compounds. 

The properties of aromatic heterocycles can be quite different from their carbo- 
cyclic analogues. Aromatic nitrogen heterocycles in particular react in many instances 
more like carbonyl compounds than as benzene derivatives. Because of the vast assort- 
ment of aromatic heterocycles that exist, only a handful can be studied in any detail if 
you want to come away from this presentation with any useful knowledge. For that rea- 
son, we will look at the structures and reactions of heterocycles that are relevant to 
those found in biochemical systems. 


25.1 POLYCYCLIC AROMATIC COMPOUNDS 


25.1a Fused PoLvcvcuic AROMATIC COMPOUNDS HAVE Less 

THAN THE EXPECTED RESONANCE STABILIZATION ENERGY 
Substances that have fused rings with delocalized 7 electrons are aromatic according to 
the 4n + 2 rule (Section 17.1e). Naphthalene is the simplest such compound, and it has 
10 л electrons in the two rings. Anthracene and phenanthrene each have 14 л electrons 
among three rings. Note in their structures that the carbon atoms without attached hy- 
drogen atoms are not numbered. 


Naphthalene Anthracene 3 


Phenanthrene 


CHAPTER 


25 
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The л electrons in naphthalene are delocalized within the MOs, just as in benzene. 


Delocalization of the т electrons can readily occur 
in naphthalene because the p orbitals are aligned, 


When more than one ring is present, however, the resonance energy is not as great 
as might be expected. For example, the resonance energy for naphthalene is not equal 


to twice that of benzene's. 


Resonance stabilization: 36 kcal mol“ 61kcal тог! 84 kcal тог! 


25 kcal more than benzene 12 kcal more than two benzene rings 


The reason for this inequality is a result of the unequal dispersion of electrons among 
all positions. For naphthalene, two of the three resonance forms have a double bond 
between carbon atoms 1 and 2. Likewise, two of the three forms have only а single bond 
between C2 and C3. The observed bond lengths in naphthalene reflect the unequal 
electron densities predicted by these resonance forms. 


à 1.36À 
2 SS 
x P ОО 
3 


EXERCISE 2! 


Draw the important resonance forms for anthracene and phenanthrene. Predict the 
length of the C9-C10 bond in phenanthrene relative to the lengths of its other bonds. 


25.16 NAPHTHALENE UNDERGOES ELECTROPHILIC 
AROMATIC SUBSTITUTION 


Like benzene, naphthalene undergoes electrophilic aromatic substitution. However, elec- 
trophiles react more rapidly with naphthalene than with benzene, because the loss of res- 
onance energy is only 25 kcal mol! for the former but 36 kcal mot for benzene itself. 


COsQY osi 


25 kcal mol” of resonance 36 kcal/mol” of resonance 
energy lost energy lost 


The 1-роѕійоп in naphthalene (also called the o position in the older literature) 
is more reactive than the 2-position (also called the B position) because the interme- 
diate that is formed is more highly stabilized by resonance. 


25.1 Polycyclic Aromatic Compounds 


More highly stabilized 
by resonance 


Tn fact, seven structures can be drawn for the intermediate in which the elec- 
trophile is attached at Cl, and four of these have an intact benzene ring. These four are 
expected to be the dominant resonance contributors. For the 2-substituted intermedi- 
ate, we cannot draw as many good resonance contributors, suggesting that this carbo- 
cation is not as well stabilized. 


These four structures are the major resonance contributors 
because they still have an intact benzene ring. 


бесот 
] 
КҮҮ ear -cr 


ЕХЕКС!5Е 25.2 


Draw the expected resonance structures for the intermediate 2-substituted cation de- 
rived from naphthalene. How many of these structures have an intact benzene ring? 


Stabilization of the cation intermediate by resonance means that 1-substituted 
naphthalenes are readily prepared by electrophilic substitution reactions. 


Br 


Br; (no catalyst needed) 
eo 
CCl, CO (73%) 


Steric hindrance can become important, however, when the electrophile is larger than 
a single atom. For example, nitration of naphthalene gives l-nitro- and 2-nitro- 
naphthalene in a ratio of ~ 10:1. The presence of the 2-isomer is a consequence of 
steric hindrance between the substituents at C1 and C8. 


н мо, H 
NO, 
HNO;, H,SO, 
d PL PP 


Ratio: 10:1 
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During sulfonation, which is a reversible process (see Exercise 17.8), the effect of 
steric crowding is even more notable. In fact, the 2-isomer is the major product if the 
reaction is conducted at high temperatures. 


fore, it makes sense that reactions will take place in the middle ring of anthracene, 
leading to the formation of two, isolated benzene rings. 


H  SO3H і о 


{ Cro. 
ce (96% yield at 80°C) { ооо HOA? CX 15 


Predominates at lower | (е) 


Н,50,, 80°C 


t erature b. К 
it КОЛЕН Er S Anthracene 9,10-Anthraquinone 
| 
H 
H,SO,, 160°C 50,H | EXERCISE 25.4 
CO (86% yield at 160°C) Draw the structure of the product obtained by treating phenanthrene with СгОз and 
| HOAc. 


Predominates at higher 


i Ema See і Anthracene reacts with reagents other than oxidants, and its reactions parallel 


those of 1,3-dienes (Section 10.3). For example, anthracene undergoes 1,4addition 
This reaction illustrates yet another case of thermodynamic versus kinetic control 1 with bromine, forming 9,10-dibromo-9,10-dihydroanthracene. When heated, this mol- 
(Section 10.3b). At the lower temperature of 80°C, the l-isomer is formed faster be: i ecule willlose HBr to form 9-bromoanthracene because a small amount of resonance 
cause the intermediate cation is better stabilized. At higher temperatures, the more sta- energy is gained by rearomatizing. 
ble 2-isomer is the major product, because its formation minimizes the unfavorable 
steric interactions between positions C1 and C8. 
Additional substitution reactions of naphthalene derivatives depend on the na- 
ture of the substituents already present. For example, 1-nitronaphthalene yields 1,5. 
and 1,8-dinitronaphthalene upon treatment with nitric and sulfuric acids. The ring 


i 
with the nitro group is deactivated, so the adjacent ring is the one that reacts, | H Br 
| “4,3-Diene” 
NO, NO, NO, NO, { 


Two isolated benzene rings formed 


By comparing the reactions of bromine with a variety of aromatic hydrocarbons, you 


| 

HNO;, H.SO, h 

(X seem CY CD | 
| 

{ 


ль ring is deactivated NO; 


The substitution process becomes even more complicated when more than one sub- 
stituent is present. 


What are the major products expected from the reaction shown here? 


OCH; 
Br, 
= 


25.1с Bi- AND TRICYCLIC ARENES ARE More REACTIVE THAN BENZENE 
TOWARD ADDITION AND OXIDATION 


Resonance stabilization in a polycyclic arene is not overall as good as for benzene itself, 
consequently, their reactions with electrophiles are more facile. For example, benzene 
itself is inert toward most oxidants (see Section 17.4a). 

Tn contrast, the middle ring of anthracene is readily oxidized upon treatment with 
chromium oxide in acetic acid. Remember that anthracene has only 12 kcal mol! of 
resonance energy more than that of two benzene molecules (Section 25.1a). There- 


can see that the larger the m system, the more reactive and “alkene-like” the arene will be. 
The information needed to assess how a polycyclic arene will react is the number of res- 
опапсе structures that retain “benzene-like” rings. A compound with more than three 
rings will not necessarily be more prone toward addition processes than anthracene. 


Br 
| H 
(5 T. С Substitution; catalyst required 
3 
` 
Вг 
CO Mm, Substitution; no catalyst needed 
H Br 
е се ГР 
ССО S СО а 
H Br 
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Buckminsterfullerene 


\ 


СНАРТЕК 25 The Chemistry of Polycyclic and Heterocyclic Arenes 


S$ —— — 
EXERCISE 25.5 


What product(s) would you expect to obtain from treating phenanthrene with 
bromine? 


eee 


25.1d Сео 15 A CLOSED SHELL OF CARBON ATOMS 
THAT Has BENZENE-LIKE RINGS 


If you think about even larger polycyclic aromatic compounds, you can readily conceive 
of molecules with even more extended x systems. As early as the 1960s, theoretical 
studies suggested that a large л system might tend to curve back onto itself and form 
spherical arrays of carbon atoms. In 1985, H. W. Kroto, R. E. Smalley, R. F. Curl, and co- 
workers discovered that evaporating graphite under reduced pressure in an electric arc 
produced a substance that dissolved in benzene to form a wine-red solution. The mol- 
ecular weight of this species, as well as other measured physical properties, suggested 
that the molecule had 60 carbon atoms, but no other elements. 

The proposed structure consisted of a truncated icosahedron in which there are 60 
vertices. Placing a carbon atom at each vertex forms 32 faces, 12 of which are pentag- 
onal and 20 hexagonal. Each carbon atom has 5f? hybridization, so each six-membered 
ring has three x bonds through which delocalization occurs over the entire molecule. 
Because its structure resembles the geodesic domes constructed by designer Buckmin- 
ster Fuller, the Соу molecule was called buckminsterfullerene. 

In 1990, Wolfgang Krátschmer and co-workers described a method to make large 
quantities of Ceg, and subsequent work led to the isolation of several derivatives. Because 
the system of rings closes back on itself, there is no need for hydrogen atoms to com- 
plete the valence shell of each carbon atom. Each carbon atom forms two C-C single 
bonds and a C-C double bond. No two five-membered rings are fused together, and 
each six-membered ring is fused to an alternating array of six- and five-membered rings. 

It is clear that Co cannot react by electrophilic aromatic substitution even though 
it appears aromatic, because there are no hydrogen atoms to replace. On the other 
hand, there are plenty of x bonds, and many addition reactions that are observed with 
alkenes occur readily with Cep. 


25.2 PYRIDINE AND RELATED HETEROCYCLES 


25.2a PYRIDINE, A HETEROCYCLIC ANALOGUE OF BENZENE, 
CAN FUNCTION AS A BASE AND A NUCLEOPHILE 


Aromatic heterocycles, which are cyclic compounds having at least one heteroatom in 
their rings, have delocalized m systems with 4n + 2 electrons (Section 17.1e). Pyridine 
is a six-membered ring compound that at first glance resembles benzene, except that 
a CH group has been replaced by N. Pyridine and benzene have in common similar 
Lewis structures, which comprise three alternating single and double bonds, and 
two prominent resonance forms. Each non-hydrogen atom has the expected octet of 
electrons. 


i | 
H С H H С H 
Sow New `7 bd 
[e С С С 
H^ ч ^u H^ “м ^u 
H 
Benzene Pyridine 


——— S 


i 


25.2 Pyridine and Related Heterocycles 


The valence bond representation for pyridine also looks the same as the one drawn 
for benzene. Each atom has a p orbital perpendicular to the plane of the ring, and each 
contributes a single electron to the л system. 


< > ^ 
à ( DN ' 
De Ж ee 


The unshared electron pair on nitrogen is in the plane of the ring and lies along 
the same line as a C-H bond in benzene. This feature is important for pyridine because 
the nitrogen atom can function as a Lewis base or as a nucleophile without disrupting the aro- 
matic п system. For example, pyridine reacts as a base with the hydronium ion to form 
the pyridinium ion: 


SS Ss 
O + њот === | + HO 
2 4 +2 


N 


> 
S / = (Ss 
H—OH; 
: L——— 


Pyridine is commonly used as a solvent to react with acidic byproducts in chemical 
reactions. For example, when an alcohol is treated with f-toluenesulfonyl chloride to 
make a tosylate derivative (Section 7.1b), pyridine not only dissolves the reactants, it 
also removes the НСІ that is produced. This byproduct is pyridinium chloride, also 
called pyridine hydrochloride. 


NOH oe mus + | + 
г 
М СІР 
H 


Pyridine is a weak base compared with an aliphatic or alicyclic amine (Section 5.2d). 
The pK, value of the pyridinium ion is ~ 5.2, which is near that of acetic acid (pK, = 
4.75). Therefore, the basicity of pyridine is about the same as that of the acetate ion. 

The basicity of pyridine also manifests itself by its reactions with metal ions, many 
of which are Lewis acids. Recall that chromium (VI) oxide reacts with pyridine (Py) to 
form CrOs-2 Ру, a reagent used to oxidize primary alcohols to aldehydes and 9° alco- 
hols to ketones (Section 11.4c). 

Because of its basicity, pyridine also reacts as a nucleophile. With alkyl halides, for ex- 
ample, the corresponding alkylpyridinium halide salt can be isolated, as shown by the re- 
action here, in which methyl iodide reacts with pyridine to form methylpyridinium iodide. 


N сн SS 
(rm C 

N^/ N r 
CH; 


Methylpyridinium iodide 
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The aromatic ring of pyridine, like that of benzene, is inert toward oxidizing agents 


°ч 
[*] 
1 
ае! 
m 
g 


CH 
N 2 kMnO, 


| 


N^ 


3-Picoline 


(3-methylpyridine) CY соон 
N^ 
EN Nicotinic acid 
Í N HNO; (3-pyridinecarboxylic acid) 
N^ CH; 


Nicotine 
G-D-(N-methylpyrrolinyl)]pyridine) 


The nitrogen atom of pyridine can also be oxidized by reaction with a peracid, just 
as tertiary amines are oxidized (Section 11.5). The product from this reaction with pyri- 


dine is pyridine-Moxide. 
Í њо, N 
1 CHCOOH | " (95%) 
N N 
| 


:О: 2 
Pyridine-N-oxide 


25.2b PYRIDINE UNDERGOES ELECTROPHILIC SUBSTITUTION 
WITH DiFFICULTY 


The principal difference between pyridine and benzene is the difficulty with which pyri- 
dine undergoes electrophilic aromatic substitution (Section 17.22). If you look at the 


N 
This representation for pyridine is normally not used 
because the presence of the nitrogen atom interferes 
N With complete delocalizaton of the electrons. 


Pyridine is about as reactive as nitrobenzene in electrophilic aromatic substitution 
reactions, and the protonated pyridine ring is estimated to be less reactive than pyridine 
itself by a factor of ~ 1018 Pyridine can undergo electrophilic substitution under harsh, 
forcing conditions, however, as shown in the following example: 


{ 
{ 
i] 


25.2 Pyridine and Related Heterocycles 


SOH 
| N 20% SO, in OW 3 
lll 9 
„2 50, HgSO,, 230°C, 24 h | м^ (71%) 


Substitution normally occurs in the 3-position, which is the least electron-deficient 
atom, according to the resonance forms that can be drawn. When an electrophile re- 
acts at the 3-position, the positive charge in the intermediate is delocalized on three 
carbon atoms, not on nitrogen. 


Electrophile at C3 
: "oL H 
ене 
^u HA SN Su u^ NA 


EXAMPLE 25.1 


Draw the resonance forms for the intermediate that would form when an electrophile 
reacts at C2 of the pyridine ring. 


First, draw the structure with the electrophile attached at the appropriate carbon atom. 


H H 
H H H H 
ҮҮ ra үү 
22 
KOREA нү 


Then, move the electrons around the ring to generate the other resonance forms. 


H H H 
"CK. e Y es "ур 
\ IN Sy, 

не; н “№ н “у 


EXERCISE 25.6) 
Draw the resonance forms for the intermediate that would form when an electrophile 
reacts at C4 of the pyridinering. 


Derivatives of pyridine that have an electron-donating group on the ring are acti- 
vated toward electrophilic substitution, so reactions can occur under milder condi- 
tions. For example, 2-aminopyridine undergoes bromination in acetic acid at 20°C to 
produce 2-amino-5-bromopyridine. Reaction occurs at the expected carbon atom 
(which is the 3-position if you ignore the nomenclature rules and simply number the 
ring clockwise from N) and para to the amino group, an o,p-director (Section 17.3c). 
(2-Amino-3-bromopyridine is also formed as a minor product.) 


Br. 
| N 1. Вг, СНСООН, 20°C | N (20%) 


2. NaOH 
N^ “мн, N^ “мн, 
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When an o,p-directing and activating group is in the 3-position of the pyridine 
ring, then the activating strength of the substituent is crucial (see Fig. 17.10). An amino 
group (and its derivatives) can overshadow the normal reactivity patterns of a pyridine 
ring, but an alkyl group cannot. The following examples illustrate this difference: 


NHCOOEt NHCOOEt 
N fuming HNO, Í Sy a 
| 2 H;SO,, 100°C p 6) 
N N^ “мо, 
[e 
мен» 20% SO, in НОз5 rw, „СН; . 
| 2 H,50,, 230°C | » (2396) 
N N 


What is the expected major product in each of the following schemes? 


a. b. 
NH; 
O. 1. fuming HNO3, H;SO,, 100°C | Мы 150, H,50, 275°C 
ee R’ ——————À 
2. OH7, HO 2. OH", H,O 
p ; Hà D HH 
N NHCOOEt N 


25.2c THE REACTIONS OF PYRIDINE MIRROR THOSE 

OF CARBONYL COMPOUNDS 
While pyridine reacts slowly with electrophiles in aromatic substitution reactions, it is 
surprisingly reactive toward nucleophiles. In fact, derivatives of pyridine react in many 
ways like ketones. The double bond between the nitrogen atom and C2 is polarized in 
the same way as a carbonyl group; protonation of the nitrogen atom therefore corre- 
sponds to proton activation of a carbonyl group (Section 18.1c). 


5* + 5? 5* 
N^^R 10 “в 2 “в са R 
èT 67 


H 


xmi—2+ 


Table 25.1 summarizes a comparison of several reactions presented in Chapters 18-24 
with those of pyridine and its derivatives. The next two sections will discuss some of 
these reactions in more detail. 


25.2d PYRIDINE UNDERGOES NUCLEOPHILIC ADDITION REACTIONS 


A charged nucleophile reacts with 2-chloro- or 2-bromopyridine and replaces the halo- 
gen atom. This reaction corresponds to the reaction between an acid chloride and a 
nucleophile, which occurs by addition-elimination (Section 21.3a). For example, 
sodium amide reacts with 2-bromopyridine to form 2-aminopyridine. 


Ss Cw 
í NaNH;, NH; O (67%) 
A 


N^ ^Br N^ “мн, 


Devices ri aC: 


CAELIS ST ызды EGA Brutus ads LA E 


25.2 Pyridine and Related Heterocycles 


Table 25.1 A comparison between reactions of carbonyl compounds and pyridine derivatives. 


Transformation Carbonyl compound Pyridine derivative 
Nucleophilic í Ss Í SS 
addition- L NH; мн 
elimination О” “cl (е) NH, N^ [e] м^ 


Alkylation | N Í N 
at the a- oa ША PE LDA 
he —> ——À 
position О “сн, OW o cuc, м2 “сн, eu N^ 
SS 
Aldol L EN L Йй | бе a 
reaction 02 “сн, сно” 97 cH, c. он м^ “сн, Reno N^ 
| 
H 


: SS SS 
Michael pier R;NH а. | кн. | 
reaction of VA А о NR; i ad N” 


Like any addition—elimination reaction ofa carboxylic acid derivative, the first step 
is addition to the double bond (carbon-oxygen for an acid chloride; carbon-nitrogen 
for pyridine) and formation of a tetrahedral intermediate. In the case of Pyridine, this 
intermediate is stabilized by resonance: 


Elimination of bromide ion regenerates the double bond and yields the substitution 


product. 
GLa oC 
Que o C re 
“ы О н, 


4-Halopyridine derivatives also react with nucleophiles. Propose a mechanism for the 
following reaction: 


EXERCISE 25.8 


cl OCH,CH, 
| з маосн,сн, | SS 
EtOH 
N^ N^ 
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A more surprising example of nucleophilic addition-elimination takes place with 
pyridine itself. 


Í “у 4, NaNH,, 200°C | N 
2 2. њо 2 
N 


This reaction occurs in the same way as the one starting with 2-bromopyridine, except 
that hydride ion is eliminated! The hydride ion is not usually considered to be a good 
leaving group, but regeneration of the aromatic system drives this reaction to comple- 
tion for pyridine. 


H H H 
“Үе "GG eed 
МН; *H7 
ln MNT | + cH 
Н >” H O ҥч" 0 нуын, 


Because hydride ion is a powerful base, an acid-base reaction follows the addition- 
elimination steps. The hydride ion reacts with the amino group to produce hydrogen, 
Hs, which makes the reaction irreversible. Workup in Step 4 is the addition of water to 
protonate the basic amide ion. 


H H H 
HAH HAH wo НУН s 
| +H —— +H, —— | » + OH 
H^ “№2 m4 © нын € неин, 


In a similar vein, organolithium compounds and Grignard reagents add to the 2- 
position of pyridine. For example, treatment of pyridine with phenyllithium gives 2- 
phenylpyridine after elimination of lithium hydride. The LiH byproduct is destroyed 
during aqueous workup. 


| “ ether toluene, 110°C "s 
m 
p 
“ СҮ d 
@ 


(40-49%) 


Ac 
Pyridine-N'oxide reacts with organometallic compounds under milder conditions than 
pyridine itself. Propose a mechanism for the following transformation, which produces 
a neutral pyridine derivative: 


Б HF, 40°С 
Í 1. PhMgBr, THF, 4 id 
+2 2 H0 

N 

ls 

Her 


Nucleophiles such as Grignard reagents can also react with pyridine at the 4- 
position, a process that is equivalent to the conjugate addition reactions observed for 
Ot, B-unsaturated ketones (Section 24.3d). 


————— M ——— I RNR Assn з= уже 


ONE SIM e vera Rei ea Lh iei CLR ac 


| 
| 
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Nuc” Мис” 
UN ET Reaction of nucleophiles at the 4 
| le % Position of pyridine is equivalent 
> pa ta conjugate addition with an 
N О y c, B-unsaturated ketone. 


Conjugate addition reactions are not limited to the ring. If a vinyl group is at- 
tached at the 2- or 4position, then weaker nucleophiles such as stabilized enolate ions, 
amines, and thiols can participate in conjugate addition processes (Sections 24.9c and 


24.32). 
í N CH,(COOEt), : 
ZA гг Nadet, HOH, А ? (33%) 
М 
N PhCH,NH, 
2| МАЎ CH;OH (75%) 


EXERCISE 25.10 


Propose a mechanism for the Michael reaction (Section 24.32) of 2-vinylpyridine with 
the anion of diethyl malonate. 


Conjugate addition of a nucleophile to the pyridine ring is actually not a new re- 
action for you: Recall that a pyridine derivative comprises the functional unit of the 
coenzyme МАР“, which is used for the oxidation of alcohols in biological systems (Sec- 
tion 11.4e). In biochemical alcohol oxidation reactions, what amounts to a hydride ion 
adds to the pyridinium ring at the 4-position. 


NADH 
Oxidized form Reduced form 


25.2e ALKYLPYRIDINE DERIVATIVES CAN FORM CARBANIONS 


Like any carbonyl compound that has O-protons, a pyridine derivative with an alkyl 
group at the 2-position can be deprotonated, forming a carbanion that is stabilized by 
resonance. The pK, value of the proton attached to a carbon atom alpha to the ring is 
~ 20, nearly the same as that of a proton alpha to the carbonyl group of a ketone. 


| l 25.3 
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22 “у 

< < LN Be 

e ИК Є: DE A C A 
н, м^ “ён, N^ “ен, N^ “н, N^ “ен, 


м “снн O 
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Ina pyrimidine ring, the carbon atom flanked by the two nitrogen atoms is particularly 
reactive toward nucleophiles. Substitution reactions at this carbon center can be up to 
1 million times faster than those ata carbon atom adjacent to the nitrogen atom of pyri- 


Subsequent addition of a methyl or primary alkyl halide results in substitution of the 
halide ion by the nucleophilic carbon atom. 


Ck PNE. 
N^ ён, Q N 


N^ "CH,CH, 


i i idi i lso participate in ad- 
The carbanion that is formed alpha to the pyridine ring can also р 
dition to a carbonyl group—the aldol reaction (Section 23.12). With aldehydes and ke- 
tones, alcohols are formed after workup. 


dine. 


Other transformations are also facilitated at the 2-position of pyrimidine. For ex- 
ample, the following crossed-aldol reaction occurs with a mild Lewis acid catalyst: 


CHO 
MO. CH, | Sh: 
<= + но 
Sy ZnCl; 
Sy виш Í @ т “ено | ^ (55%) y^ di M ыен 
h 2. H20 2 
мен, 077 сну ^N^ “снаи CH; СМ эн 


Charged derivatives of the alkylpyridine are even more acidic, and a base such as 
hydroxide ion is sufficient to generate the corresponding carbanion. In the ce 
example, which is a crossed-aldol reaction, water is eliminated from the alcohol prod- 
uct by an Elcb mechanism (Section 23.1b). 


EXERCISE 25.12 


Propose a mechanism for the following reaction that occurs between the deprotonated 


pyrazine derivative and the illustrated ester, which is an example of a crossed-Claisen 
condensation reaction. 


NMe, o 
N Ї N 
idi SS ^N 1. (CH). C—C—OEt, NaNH;, NH; «y Ss о a 
N ЕЕ KOH, pyridine (solvent) | (57%) | 2 us › | p а (819) 
_ —э Ў 
|, А “Кенен NMe; CHS “№ "cu, CH; “М "CH,—C—C(CHj, 
N^ “сн, E 
Her CHO :0: 


EXERCISE 25.11 


i i i . Draw reso- 
Propose a mechanism for the preceding crossed-aldol reaction sequence. Dra i 
Aude structures to explain why the methyl group of 2-methylpyridine-N-oxide is read 
ily deprotonated by hydroxide ion. 


25.2f DiAziNES DISPLAY THE SAME REACTIVITY PATTERNS AS PYRIDINE 
The diazines, which comprise pyridazine, pyrimidine, and pyrazine, are heterocycles 
with two nitrogen atoms in a six-membered ring. Pyrimidine is the most interesting 
member of this group because its ring system is found in three of the bases that con- 
stitute the nucleic acids (Chapter 28). 


25.3 PYRROLE AND RELATED HETEROCYCLES 


25.3a PYRROLE IS AN UNEXPECTEDLY WEAK BASE 
AND HAS SUBSTANTIAL AROMATIC CHARACTER 
Pyrrole is an aromatic nitrogen heterocycle with a five-membered ring. Each atom has 
sf? hybridization and the valence bond representation shows that the Р orbitals form a 
cyclic л system. Unlike the unshared electron pair on the nitrogen atom in pyridine, 
the electron pair on the nitrogen atom of pyrrole is included in the x system, giving a 
total of six electrons, whichmakes pyrrole aromatic. 
Ж. 


EN “у Ng | f \ H There are six electrons in the т system, 
Q | P С ) i N therefore, this compound is aromatic. 
22 27 
м“ N N | | 
А і H 
Pyridazine Pyrimidine Pyrazine { 
Pyrrole 


The presence of the second nitrogen atom in the six-membered ring ciber gi 
minishes or enhances the reactivity of diazine relative to that of pyridine. These 5 te 
pounds are weaker bases than pyridine, and they are essentially inert in electrop! a 
aromatic substitution reactions. They are more reactive toward nucleophiles, however. 


этейин 


і 


А significant consequence of pyrrole’s structure is that the electron pair associated 
with the nitrogen atom is notavailable to act as a base or nucleophile, as it is in pyridine. 
Protonation would destroy the aromatic system, which explains why the pK, value of 
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pyrrole is estimated to be about —4, which makes it a stronger acid than H30*. Proto. 
nation actually occurs on one of the carbon atoms in the ring, which still disrupts its 
aromaticity. 


H H 


H H 
mu Dae + Put Formation of neither product is 
DOE H N H H N^ ^н favorable because protonation 
| 
H 


7% disrupts the aromaticity of the ring. 
H H 


Protonation at N Protonation at C 


The resonance forms that can be drawn for pyrrole place a negative charge on 
each carbon atom of the ring, which suggests that the pyrrole ring should react readily 
with electrophiles, as in fact, it does. 


Pyrrole is an important heterocycle in biochemistry, serving as an integral part of 
many metal-binding groups in proteins, notably the porphyrins. Porphine, the parent 
compound from which porphyrins are derived by substitution of the pyrrole rings, has 
four pyrrole units linked by CH groups; it is aromatic with 18 electrons in the planar, 
conjugated л system (shown in color, below). Note that two of the double bonds of the 
porphine ring are not included in the electron count. In applying Hückel's rule, the 
atoms to be included must be part of an uninterrupted cyclic system (Section 17.1b). 


Porphine 


The iron derivative of protoporphyrin IX, commonly called heme, is the func- 
tional unit in hemoglobin and myoglobin, which are used by mammals to transport 
and store dioxygen, respectively. Chlorophyll has a magnesium ion bonded to a related 
macrocycle called chlorin, in which one double bond of one of the pyrrole rings has 
been reduced. This more saturated compound is stil! aromatic. 


N 


H 
COOC4 Hs; o 
COO- coo- Cooch 


Heme Chlorophyll a 
(Iron protoporphyrin IX) 


TU UI Lot Mr EET TER ia is t 


—— 


PENIS AIR аы С лыд ia ERR cnt 
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Derivati 
ibe A pyrrole can be pr epared by several routes, but the simplest employs 
BH dn d n amine with a 1,4-diketone. This procedure relies on imine bond for- 

n (Section 18.12), followed by nucleophilic addition of the nitr : 
Second carbonyl group, elimination of water, and deprotonation оя 


SUCHE, 
b d R= JR + 2H0 


© N: O 
A 
H 
H 
R R \ H,0* 
\ 7 _——— R s Per 
N: © Ra S+ R + HO 
N - 3 RNS 2 
к | о ® N; OH 
R' R 
H 
H 
R 3 \ њо 
RSS UAM a — 5 4 \ m 
N, OH @ RNR © RAp AR t МО 
R' 


EXAMPLE 25.2 


With curved arrows, illustrate the electron 


ihesisscheme for pyrrole, movement in Step 1 of the preceding syn- 


H R n 
‚Ж. Ht 
R Yr ни H—N 
R R ——> Y je 
sen rd d 


good leaving grou Step 1 ; 
double bond P (Step 1c), and water acts as a base in Step 1d to generate the C-N 


[EXERCISE 25.13 


With curved arrows, illustrate th 
à e electron move i 
preceding scheme for the synthesis of pyrrole. E rM 
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Electrophile at C2 


H4 


H 


3 


E 
H 
› н " H 
Leer. Ls Ty 
H^ ^N H^ ^N H^^N H H a S 


E 
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Furan and thiophene are structurally similar to pyrrole. Furan has already been 
mentioned in the context of carbohydrate nomenclature (Section 19.3b), and THE, its 
saturated analogue, is an inert solvent used for reactions involving organometallic com- 
pounds. For furan and thiophene, the oxygen or sulfur atom contributes one electron 
pair to the aromatic л system, while the other electron pair is perpendicular to the m sys. 
tem, directed away from the ring. 


(=O or 5) 


9 Q 


Furan Thiophene 


4 


EXERCISE 25.14 


Draw resonance structures for furan and thiophene to show how charges can be dis- 
tributed within the ring. 


25.3b PYRROLE UNDERGOES FACILE ELECTROPHILIC AROMATIC 
SUBSTITUTION REACTIONS 

Unlike pyridine, pyrrole undergoes electrophilic substitution reactions readily, even 

more readily than highly activated benzene derivatives. For example, pyrrole is acylated 

by its reaction with acetic anhydride; no Lewis acid catalyst is needed, which is unlike 

the case for most Friedel-Crafts reactions (Section 17.2e). 


о o 
[ [| 
[ y аео, /С\ о, + снсоон 
N Nf 
H H | 
о 


То understand why substitution occurs at the 2-position, we need only look at геѕ- 
onance structures for the intermediates that are formed when an electrophile reacts at 
either of the two positions, C2 and C3. The reaction at C2 produces a more stabilized 
cation intermediate. 


Electrophile at СЗ 


H H H Н н 


ПЕ H E n 


As with any aromatic substitution process, regeneration of the aromatic system is ac- 
complished by deprotonation of the cationic intermediate. 

Reactions of pyrrole are complicated by the instability of its ring toward mineral 
acids, which often leads to polymer formation. For this reason, mildly acidic or neutral 
electrophiles are required. Nitration can be done by using acetyl nitrate, CHgCO9NO», 
formed by mixing acetic anhydride with nitric acid. The major product is 2-nitropyrrole, 
as expected. 

o 
CH,—C—0—N* 


| P. NO; 
" — > (we, t с 
H H H 


(83%) (6%) 


се 


В 


| 
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25.3¢ FURAN AND THIOPHENE ALso UNDERGO Facile 
ELECTROPHILIC AROMATIC SUBSTITUTION REACTIONS 


» compared with 36 kcal mol! for 
as a similarly low value for its cen 

tral 
"i ien ex a consequence, it often reacts like a diene. Furan follows 
j undergoes both addition and substitution reactions. For exam- 


ride with BF; as а catalyst to form 2-acetylfuran. 
/ V _ нош 
l " \ ВЕ, CH;COOH Ж. с °З 


8 (75-92%) 
Б | 
Ó 


With a i iti 
cetyl nitrate, however, addition occurs to produce a dihydrofuran product. 


Гао Ао, [= 

K > сн,соо- m 
uA — 
И Tuc < H | Шһ©00=__.. н\н 
9 мо, Сњсоо 9 ‘No, 
Addition of a mild base such as 


L pyridine removes а 
System with concomitant elimin.: 


( proton and restores the aromati 
ation of acetate ion т 


н Qu f = 
а is ра \ УМН “OAc 


(60%) 


nies pyrrole and furan, nor is it quite as re- 
ап benzene, however, and substitution products are 


ation, Friedel-Crafts acylation, 


о 
со NO; 
[3 Y, OV LET 
z 10°С e T 
5 $^ “NO, $ 
(70%) (5%) 
* сњсоа FA 
Snci, (X. с°з (79-83%) 
Se | 


E H50, (95 
` 507 


Interestingly, thiophene reacts with jodi i 

, iodine, 

weak electrophile. Benzene is us ЕЕ 
activity difference displayed by 


(69-76%) 


is normally considered to b 

5 еа 
ed as the solvent for this reaction, illustrating the re- 
these two aromatic compounds. 


E 1, MgO, CH, Cos (70%) 
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EXERCISE 25.15 
What is the product expected from each of the following reaction steps? 


[ \ 1. i-CSH;COCI, SnCI, (90%) 
oS 
© 2. N;H,, KOH, 200°C (79%) 


25.3d INDOLE Is A FUSED-RING PYRROLE DERIVATIVE THAT CONSTITUTES 
THE SIDE CHAIN OF THE AMINO ACID TRYPTOPHAN 


is i in bi j iti he porphyrin ring. It is also 
role is important in biology not just because it is part of the p 
oa of indole, a heterocycle with a benzene ring fused to the C2-C3 bond of pyrrole 


that makes up the side chain of the amino acid tryptophan. 


coo” 
/ 
CH 
^ 
н H 
Indole Tryptophan 


The influence of the benzene ring on the reactivity of the five-membered ring por- 
tion of indole is significant, and its resonance structures, shown below, help to explain 
why. (The first four structures are the major contributors.) 


R- Q-Q- 


H 


A negative charge can be placed at every position in both rings, but only the pi: ur 
lighted charge-separated structures keep the benzene п system intact. ae Шо. 
structures, you might expect that the 3-position of the indole ring will be the 
active, and indeed it is. | : 

It is significant that the indole ring of tryptophan is attached to the side Bm 
its 3-position. This fact suggests that an electrophilic substitution process Er E. 
volved in its biosynthesis. In fact, tryptophan is constructed by coupling d EET 
ring with an electrophilic center of an unsaturated carboxylic acid derived fro: 
which is first attached to PLP (Section 20.2c). 


ў 
è 
{ 
$ 
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HO—CH, o 
CH [e] ИР _ 
н—с—с” V OZ CH о 
7 A С—С D. 
HN* — o- ÁN = 
S HN* œ / _ 
N HN о 
(OS _A_CH,0Pp0,2> 2—0 E Goro _ М 
bw d э, CH,OPO,?- 
t 
CH; ^N iA 
H CH; N сн; ў 
Serine-PLp 


Aminoacrylate-PLp 


The carbocation highli ; ; "E 
with the i ighlighted in the previous €quation is the electrophile that reacts 


indole ring to form tryptophan, after hydrolysis of the imine bond to PLP. 


"CH o- 
QJ Y= and ES Р hydrolysi 
NE i к... lysis 
N 4 \ Dm ч РА S > Tryptophan 


А 
о + - 
5 db о 


EXERCISE 25.16 


Propose a reasonable т nism elec LAN О c ^ 
е; bl echa; for the el tr oph lic substituti п réaction in the pre- 


25.4 AZOLES 
25.4а AzoLEs ARE AROMATIC HETEROCYCLES THAT Have 


Two HETEROATOMS IN A FivE-MEMBERED RING 


Н HN 


side chain of the amino acid histidine. 
G 4X G HH л 
jj 5 54 2 š 5 ЧАШ ©: CN. 


Imidazole i 
Oxazole Thiazole Pyrazole Isoxazole Isothiazole 


Breater Stabilization, Imidazole is much more basic 
Pair on nitrogen is part of the л System. 


The electron Pair on this nitrogen 
atom is part of the a System. 


г F N 

T a > 

ГА РҮ 
Ша; сы 
sA E 
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H 
Nt v forms for a protonated 
A "" The two resonance 
С » С > imidazole ring have the same energy. 
N N* 
\ \ 


H H 


i i i that at pH 7, imi- 
i imi i ial i hemistry because it means t pH 7 
i of imidazole is crucial in bioc. | 1 n 
The ae ee as a mixture with its protonated form. For this reason, rae xi 
Bet dy found at the active site of enzymes where it can act either as an acid (proton 
quen 
form) or as a base (deprotonated form). 
eee e e 
EXERCISE 25.17 


i i azole, 
Draw valence bond representations for thiazole, oxazole, and pyr: 


____ a _—————— 


25.4b AzoLES REACTS READILY AS NUCLEOPHILES TE. 
CH The basicity of the azole ring means that the nitrogen atom has nucleop prop 
3 


i i ts to form isolable salts. m 
н = С к л ot aan potent nucleophile by treating it 
І = ) d bs pasa ea hw ur ® tic solvent like DMF. This reaction re- 
[5 | » ! with a strong base such as NaH in a polar xpi Mat m 
à | from nitrogen. Like its conju; аге acid, | 
уику д иил ы stabilized. Nucleophilic displacement of a leaving group 
М . "1 $ 
Колай alkyl halide yields the corresponding Malkylimidazole. 


Со me Сә QZR 
poe 


H The anion is R 


resonance stabilized. 


i i i ed. 
If the imidazole ring is already substituted, then isomeric products will be form 


GHs 
/ 
. T N 
N 1. NaH, DMF Í N + | P 
| » 2. Сну К N 
i" m 


Ratio: 5:1 


imi n 
A more interesting acid-base reaction occurs with Nalky- or аиа 
ounds is treated with butyllithium or LDA in THE en io. 
one of these dd an organolithium compound is formed. This organome Did 
Eds Pas iih carbonyl compounds to form alcohols. Thiazoles react in the sa 
poun: 


N / 

N BuLi, THF S T TECH ICOOE i ғ с (90%) 
Г Ун > | 2. H,0* N \ 

N к \ OH 

Y СНз /2 

CH, CH; з 

CH; 
CH; CH; 


r B CH 
N 3 
N i 1. CH;CHO | \ / (48%) 
BuLi, THF \ 3! 
i oe с? A ou ETC M ond 
5 


он 


SDN TER RL -> Лейн ПУРА. CN OO 
EDD A Eie ne IE OE PSD DAE SBD Aca Dr RS 1 ar RE CQ са UR eig же: 


25.4 Azoles 


25.4с AN ALKYLATED THIAZOLE ION CONSTITUTES THE REACTIVE 
PORTION OF THIAMINE AND ITS DERIVATIVES 
Imidazole, which is a reactive group in the active site of man 
important 1,3-azole in biochemistry. Thiazole 
Bj), is also crucial to the success of certain 
rivative of thiamine, abbreviated i 
acids and for aldol reactions. 


Y 
OH (е) 0—Р—0- 
CH; CH; || 1 
о 
Sy ММ N^ ^w N BS 
A Ls A A = 
CH; NH, CH; ^N NH, 
Thiamine TPP 
(vitamin B,) (thiamine pyrophospate) 


Both processes that involve TPP take ай 
thiazole ring. This stabilization comes about because the гіп 


ps 


H H 


+ 
A Thiazole com Thiazolium ion 
$: 


pK, 35 pK, ~20 
(removed by BuLi) 


25.40 THIAMINE PYROPHOSPHATE 15 A COENZYME USED 
IN THE DECARBOXYLATION OF A-KETO ACIDS 


The decarboxylation reactions of -keto acids are catalyzed by TPP. The conversion of 
pyruvate to acetaldehyde can be used to illustrate the steps of this mechanism. 


| _ њо? | 
CH,—C—coo- ———› CH;—C—H + co, 
* 


Pyruvate Acetaldehyde 


Pyruvate, a three-carbon a-keto acid, is made by oxidation of glyceraldehyde-3- 
phosphate, the product of glycolysis (Section 23.2c). It undergoes decarboxylation to 
form acetaldehyde, which can be reduced to ethanol by the enzyme alcohol dehydroge- 
nase (Section 18.3c), using NADH asa coenzyme. 


© 
NADH 
CH;—C—H 


“Alcohol dehydrogenase ^ +©H3—CH,—OQH 


This decarboxylation-reduction Process is more commonly known as fermentation, 


Which is the chemistry behind the making of alcoholic beverages. If the carbon diox- 
ide is not allowed to escape, then the solution becomes carbonated, producing beer or 
champagne, depending on the source of the glucose. 
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The decarboxylation reaction of pyruvate begins with removal of the proton at the 
2-position of TPP within the active site of pyruvate decarboxylase. 


Pyruvate decarboxylase 
ES ЫС sive site 


4 CH; CH; { 
| Rf R' j Raj R' | 
= : і V d r 
O — | = D 
H 6 | 
А A H TPP ylide | 
Cf | 


The ylide derivative of TPP is stabilized by resonance, as follows: 


CH; CH; 
The carbanion is stabilized га f jA 
by resonance. AAR <> М 
Ys des 


Once formed, the carbanion adds to the ketone carbonyl group of pyruvate, and 
the oxygen atom is protonated by an acid group to form the alcohol. 


сн, сн, 
Ri аук 
As Ns: 
NS т? CH;—cC Zo 
ү CHs—C—COO™ но: ў 
CEP-H— —1 (B о 


Decarboxylation can пом take place, with the thiazolium ring acting as an acceptor for 
electrons from the carboxylate group. 


CH; CH; { 
RN SR’ RNAS R’ 
“hs: 5 
1 Сн) “or еч | CH;—c 
le^ : Vu сео | 
bs но: | b :OH i 
8) o A [e] 


The enol intermediate formed by decarboxylation is similar to an enamine. Recall 
that enamines have a resonance form that places a negative charge on the carbon 


25.4 Azoles 883 


atom beta to the nitrogen atom (Section 20.3b). Therefore, protonation of the thia- 


zoliumenamine intermediate converts it to the 2-(1-hydroxyethyl)thiazolium ion, as 
shown in Step 4. : 


CH; CH, 
po. R' RÑ AER! 
5 =>» L g 
He КЫ с 
OH bu 


+ њо 


In the penultimate step, a base in the active site of the enzyme removes a proton 


from the hydroxyl group, regenerating both the carbonyl group and the TPP carban- 
ion, which functions here as a leaving group. (You have seen carbanions as leavin 
groups before in the retroaldol and retro-Claisen reactions; Sections 98.14 and 23.4d.) 


" * 
The final step in the overall transformation is protonation of the TPP ylide to regen- 
erate the TPP coenzyme. 
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25.4e THIAMINE PYROPHOSPHATE STABILIZES CARBANIONS THAT 
ARE INVOLVED IN ALDOL REACTIONS OF CARBOHYDRATES 


Besides aiding decarboxylation reactions, the stabilized TPP ylide can also interconvert 
carbohydrates via aldol reactions. We will look only at one carbon-carbon bond- 
forming reaction to see the general type of aldol reaction that TPP catalyzes. 

One reactant in this crossed-aldol reaction is a thiazolium-enamine molecule, 
which is made by a retroaldol reaction from xylulose-5-phosphate. This enamine has a 
structure similar to the enamine derivative formed during the decarboxylation reaction 
of pyruvate, differing only by the presence of an additional OH group. 


[e CH; 
CH; 
[e] "m CHO 
Set R~ Ae 
HO H -td 3 + H OH 
= 
H OH + enzyme Ho-¢ СН,ОРО;°- 

CH,OPO;* нон 

D-Xylulose-5-phosphate Thiazolium-enamine p-Glyceraldehyde-3-phosphate 


This enamine reacts by nucleophilic addition to the aldehyde group of D-ribose-5- 
phosphate (R5P), as shown in Step 1. This reaction forms a new C-C bond. 


In Step 2, regeneration of a carbonyl group at the 2-position of this aldol product 
yields S7P, which is subsequently cleaved by transaldolase (Section 23.2d). Notice that 
the thiazolium ion acts again as a leaving group, just as it did in the decarboxylation re- 
action shown in Section 25.4d. 


| 
| 
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СН,ОРО;2- 
57Р 


EXERCISE 25.18 


In the laboratory, thiamine, in the presence of stron 
action without the need of an enzyme. Propose a me 


о o 
2 H thiamine, OH~ @ 
—__——__» 
H20, EtOH H OH 


Benzaldehyde Benzoin 


EXERCISE 25.19 


The condensation of Benzaldeh 
: уде to form benzoin can also b i 
ion. Propose a reasonable mechanism for the following eo ees 


? 9 
Сү” Н — CN, њо, Eton $ 
OO 
H OH 
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CHAPTER SUMMARY 
Section 25.1 Polycyclic aromatic compounds 


* Polycyclic aromatic hydrocarbons have one or more aromatic rings fused onto 
a benzene ring. The 4n. + 2 л electron rule still applies, but the resonance energy 
is less per ring than that of benzene. 

e Polycyclic arenes react more readily than benzene toward substitution. Addition 
to the x bonds becomes increasingly facile for these compounds, a property re- 
lated inversely to how many resonance forms retain benzene-like structures. 

e Buckminsterfullerene (Со) is a fullerene, a closed shell of carbon atoms. 
Fullerenes have aromatic properties, but many reagents that also react with 
alkenes add to the т bonds of Ceo. 


Section 25.2 Pyridine and related heterocycles 
* Pyridine is an analogue of benzene in which a CH group of benzene has been 
replaced by a nitrogen atom with its unshared pair of electrons. 
e Pyridine is a Lewis base, and it reacts as а nucleophile at its nitrogen atom. 
* The nitrogen atom of pyridine can be oxidized to form pyridine-Noxide. 
* The pyridine ring is not easily oxidized, but alkyl substituents attached to the 
ring can be converted to carboxylic acid groups. 
* Pyridine undergoes electrophilic aromatic substitution reactions, but the reac- 
tions are slow. Substitution occurs primarily at the 3-position. 
The double bond between nitrogen and the adjacent carbon atom in pyridine 
reacts much like a carbonyl group. 
Similarities between the reactions exhibited by pyridine and those of carbonyl 
compounds are summarized in Table 25.1 and include addition-elimination, 
alkylation, aldol, and conjugate addition reactions. 
Diazines are analogues of benzene that have two nitrogen atoms in the ring. 
Their reactions are like those of pyridine. 


Section 25.3 Pyrrole and related heterocycles 

* Pyrrole is a five-membered aromatic heterocycle. Pyrrole is an unexpectedly 
weak base because protonation would destroy its aromaticity. 

* Pyrrole is highly reactive toward electrophilic aromatic substitution processes, 
which occurs predominantly at the carbon atom adjacent to nitrogen. 

• Furan and thiophene are analogues of pyrrole in which the nitrogen atom has 
been replaced by oxygen or sulfur, respectively. They also undergo electrophilic 
aromatic substitution reactions, but furan is susceptible to addition as well. 

e Indole is a bicyclic compound that has a pyrrole ring fused with a benzene ring. 
It is found in the side chain of the amino acid tryptophan. 


Section 25.4 Azoles 
e Azoles are five-membered ring compounds with two heteroatoms in the ring. 
one of which is nitrogen. Imidazole has two nitrogen atoms and is found in the 
side chain of the amino acid histidine. 
e Azoles are bases and nucleophiles. For 1,3-azoles, the hydrogen atom at C2 can 
be removed using a strong base. 
Thiazole has a nitrogen and a sulfur atom in the five-membered azole ring. Ал 
alkylated thiazole ring constitutes part of the thiamine (vitamin Ву) skeleton. 
e Thiamine, as its pyrophosphate derivative (TPP), is an important coenzyme that 
stabilizes a carbanion center as an ylide. 
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The compound TPP is a coen 
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buckminsterfullerene heme заан тда 


azoles 
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n 25.1b REACTION SUMMARY 


Electrophilic substitution reac 
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acene: Addition and oxidation are more facile than for be: 
nzene. 


Section 25.2a 


-position pre- 


Section 25.1с 


F yridine reacts as a base toward acids, HX, and as a nucleophile toward alkyl halides. 


~ 
ü ^w. 
OsOr ру 
N N^ =» | x 
N N^ 


-— 
m— 


The nitrogen atom of pyridi 
m of pyridine can be oxidized idi i 
attached to a pyridine ring are oxidized to Onn SNR кышк 
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Section 25.2b 


Electrophilic aromatic substitution 


Я reacti idi 
quire harsh conditions. ons of pyridine occur at the 3-position and re- 


E* = Br, $O,H, NO, 


888 


CHAPTER 25 The Chemistry of Polycyclic and Heterocyclic Arenes 


Section 25.2d 


Pyridine and 2-halopyridine derivatives undergo addition-elimination reactions when 
treated with nucleophiles. 


ES : EN ES Р ES 
Qu OL ASA 
N^ ^x N^ “мис N^ “н N^ ^R 


X= Cl, Br 


Pyridine and its 2-vinyl derivatives can undergo conjugate addition reactions. 
bs N 
Doc. 
м2 “2 N x 
Section 25.2e 


The o-carbon atom of 2-alkyl pyridine derivatives can be deprotonated with strong 
base; the resulting carbanion reacts with electrophiles (RX and R9C-O). 


Ss А SS 
Di = CL, = Cato 
2 Е. 
N^ "CH, N 


CH, Li 
1. L 
NN R R 
SS Ss SS К SR 
DE = С. CL + 2 H:0* | 2 X 
N^ “ён, Li* N^ CHR N^ “н, ti N^ “сн; “он 


Section 25.27 
Diazines undergo reactions of the same types seen for pyridine. 


Section 25.3a 
Pyrrole derivatives can be made from diketones and amines. 


[ \ 
R R d 


Section 25.3b | 
Pyrrole and its derivatives readily undergo electrophilic aromatic substitution reactions. 


EX ety JD 


E* = Br, RCO, NO, 


Section 25.3d 4 
Thiophene and furan undergo electrophilic substitution reactions in the same manner 
seen for pyrrole. 
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Section 25.4a 


Azoles react as bases or nucleophiles at their nitrogen atoms, 


R 
HE +/ 
N tor NH N " 
{3 —H'erRx , ( or C3 x 
A=0,5, NR 


1,3-Azoles can be deprotonated at nitrogen or at the intervening carbon atom, de- 
pending on the exact structure and reaction conditions, 


NH N:7 N А N 
TeS Oe Gh, 


A =0, S, NR 


_ MÀ E LL 


ADDITIONAL EXERCISES 
25.20. Draw the structure for each of the following substances: 


a. 2-Chloro-5-methylpyridine b. (S)-3-Methyltetrahydrothiophene 
c. 3-Thiacyclobutane-l-one d. 3-Hydroxypyridine-Moxide 


€. Methyl 3-pyrrolecarboxylate f. 2-Mercapto-4nitroimidazole 


g- 3-Acetyl-5-tert-butyl-1-methylpyrazole 
25.21. Provide an acceptable name for each of the following compounds: 


"m b. c. 
CH;COOH 


N N 
" | M [ 27e, 


d e. f. 
T. А н 
nt CHO 
e * Cr 
“Хам E 


25.22. In each of the following substances, identify the parent heterocycle (s) that are 
present: 


Ci 


ù о С" N eee N, 
\ 
A. 9 TUO o A 


Miconazole Propiram Isolan 


= 


Antifungal Analgesic Insecticide 
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25.28. The compound 2-hydroxypyridine is also called 2-pyridone, which is a tau- 
tomer of the hydroxy compound. Draw the structure of this tautomer, including 
the unshared electrons. 


2-Hydroxypyridine 
2-Pyridone 


Draw resonance structures for the anion derived from deprotonating this com- 
pound with base. What two products are expected to form upon treating this anion 
with methyl iodide? 


25.24. Because pyridine and many of its derivatives are poor substrates for electrophilic 
substitution reactions, the N-oxide derivatives are sometimes used as starting materi- 
als. For example, nitration of pyridine-N-oxide yields the 4-nitro product. There are 
two notable aspects of this reaction: (1) the reaction conditions are milder than for 
pyridine itself; and (2) substitution occurs at the 4-position, not at the 3-position. 


NO, 
N HNO; 
> IU 
| t Н,50,, 90°C | (90%) 
N 
| l 
[o [e] 


Explain these differences by commenting on the resonance structures that can be 
drawn for the starting compounds and for the carbocation intermediates pro- 
duced during the electrophilic substitution process. 


25.25. Pyridine-N-oxide can be activated further by alkylating the oxygen atom. Pro- 
pose a mechanism for each step of the following sequence. Notice that the prod- 
ucts no longer have the oxygen atom attached to nitrogen. 


NC 
SS SS SS 
[ур = = » IO w 
. Na! P , U-. 
N^ ; N^ N^ “см 
| 


[on Ratio = 1: 3 


25.26. Shown below is the ІН NMR spectrum of pyridine. Account for the spin-spin 
splitting patterns. 


(2) 


(2) (1) 
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25.27. What is the major product expected from treating 3-methylthiophene with 
each of the following sets of reagents. If no reaction occurs, write N.R. 
a. Bromine, acetic acid b. Benzoyl chloride, SnCl, 

| с. Н» (1atm), Pd/C, 25°C d. Concentrated sulfuric acid 

e. HNOs, acetic anhydride 


25.28. Draw the structure of the major product expected from each of the following 
reactions. Show stereochemistry where appropriate. If no reaction occurs, write N.R. 


a. b. 
H 
N N 
1. Br}, CHCOOH y 1. LDA, THF, 0°C 
—————À —————— 
J 2. OH \ о 2. pentanal 
3.Hy0* 
с d. 
OCH; 
$ М 1. Br, СН,СООН | N BrCH,COOEt 
2. OH 
22 A 
H N N 
і 
{ е. Е 
N N 1. NaH, DMF 
| Е 1. LDA, THF, 0°C 3 2. CICH,OCH; 
E 2. PhCHO \ N 3. LDA, THF, 0°С 
N 3.H,0* \ 4. CHI 
4, OHT H 5.H;0*, A 
6. OHT 


25.29. Hismanalis an antihistamine that contains a benzimidazole ring. 


| OCH; 
{ H 

F \ 
| N 
| "» 
1 N N 
i N Benzimidazole 
$ a 
| NX 

N 
H 

{ Нїзтапа! 


а. Draw а valence bond representation for benzimidazole. 
* 


b. Benzimidazole is alkylated at nitrogen upon treatment with NaH in DMF 
followed by addition of 1-bromopropane. Draw the structure of the product 
and an equation for the overall transformation. 


c. Propose a reasonable mechanism for the synthesis of a 2-alkylbenzimidazole 
Д molecule from ophenylenediamine and а carboxylic acid according to the 
following equation: 


Ё 
H 
NH, Н 
А 
Cr + RCOOH ==> Cr 
NH; N 
i 
i 
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25.30. Oxazoles can be made by heating an o-chloroketone molecule with for- ) 6 
mamide, HCONHp. Propose a mechanism for the following transformation: 


о ^N 
AA HCONH,, A Кр 


E POLYMERS AND POLYMERIZATION 


25.31. Show how you would prepare each of the following compounds, starting with 
any organic compounds that have six or fewer carbon atoms. Several Steps may be 


necessary. 
26.1 POLYMERS AND THEIR PROPERTIES 
и к à 26.2 CHAIN-GROWTH POLYMERIZATION 
rr EN “ые Se COOEt 26.3 STEP-GROWTH POLYMERIZATION 
Мечо | Fatt м^ 26.4 MODIFICATION OF POLYMERS 
Е O CHAPTER SUMMARY 


25.32 Compound A, C5H40», is obtained as а product from the hydrolysis of oat 
hulls, and its ЇН NMR spectrum is shown below. When A is treated with 1,3- 
propanedithiol and a Lewis acid catalyst, followed by Raney nickel, compound B is i " | T— 
obtained, which has a singlet (integrated intensity of three protons) in the NMR Much or the reaction Сену 9: organic molecules presented im Pus d уена 
spectrum at ~ 8 2.4, Heating B with aqueous acid produces cyclopent-2-ene-L-one attention on compounds with molecular weights in the range of 107-10? amu. Even de- 
as one of the products. Draw a structure for A and for B, and write equations for scriptions of biochemical processes have been centered on transformations that occur 


the transformations that are taking place when a small-molecule substrate undergoes an enzyme-catalyzed reaction. The final 
` three chapters of this text present chemical aspects of macromolecules, that is, substances 
(1) with molecular weights in the 105-106 amu range. These macromolecules include syn- 


thetic polymers and plastics, which are described in this chapter, proteins (Chapter 
27), and nucleic acids (Chapter 28). 

In this chapter, you will learn how polymers are made from relatively simple build- 
ing blocks. The chapter begins with a description of some physical properties of these 
materials. What follows is the reaction chemistry that is used to create synthetic poly- 
mers. Some of the rudimentary reaction mechanisms have been presented earlier, but 
they will be reviewed here. 


Intensity 


26.1 POLYMERS AND THEIR PROPERTIES 


} 26.1a MAny POLYMERS Consist OF A STRING OF IDENTICAL 
MEE E Т REPEATING UNITs 
0 


The word polymer comes from the Greek for “many parts”. The corresponding “single 
T Д parts” are therefore monomers. The structure of a polymeric molecule often consists 
TU. } of long chains of the monomeric building blocks, called the repeat unit. We represent 
the structure of a polymer by enclosing the structure of the repeat unit within a set of 
parentheses, and we place the subscript n outside the parentheses to indicate that 
many such units constitute the molecule. 


H H H H 
үи | I 
с=с —5 cc 
£C OS MEG 

H CH; н CH; 

: Propylene Polypropylene 

(monomer) (polymer) 


7.5 7.0 6.5 
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The value of n is usually not given, but we could write an actual rffffneral to specify a poly- 
mer's average degree of polymerization (if we were to determine what that average value is), 

The name of a polymer is normally crafted by specifying the monomer used in its 
preparation. The polymer's name carries the prefix poly-, and parentheses are used if 
the monomer name comprises more than one word. Notice in the example of poly- 
ethylene that the structure is written as -(СН»СН») „– even though the repeating unit 
could be written as -(СН») „~. Generally, we use the structure of the monomer as the 
repeat unit even if the polymer's structure can be condensed further. 


H cl H CI 

И; | | 

с=с — Lcc- or -{сн,—со,5- 
FON | [7 n 
H cI H а 

Vinylidene dichloride Poly (vinylidene dichloride) 

H H ji T 

pend = а ог +<н,-сн,)- 
М [ A n 
H H H H 


ELP 
каракек 
H HH HH H н н 
b. 


26.1b COPOLYMERS ARE FoRMED WITH USE or MORE 

THAN ONE Monomer 
When a single monomer is used to form a polymer, the product is called a homopoly- 
mer. Polyethylene, polypropylene, and poly(vinylidene dichloride) are examples of 
homopolymers. 

A copolymer is formed when two or more monomers are incorporated into the 
growing polymer chain. Three common types are the random copolymer, which, as the 
name implies, has no regular pattern to its sequence; the alternating copolymer, which 
has a regular repeat of the two monomers in its sequence; and segmented copolymers. 


A—A—B—A—B—B—B—A—A 


Random copolymer 


222 
A +В 
Мопотегѕ N 


A—B—A—B—A—B—A—B—A 


Alternating copolymer 
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An example of an alternating copolymer is Saran, manufactured from vinyl chloride 
and vinylidene dichloride. In practice, alternation does not occur perfectly, so defects 
in the structure of this type of copolymer are usually present. 


cl cl cl cl 
Ht cht | | | | 
7 + EL OH Cf CH, сен, суњ с 
n 
єн; ie H cl H а 
Vinyl chloride Vinylidene chioride Saran 


Used in food wrapping 


Segmented copolymers are normally classified in two categories: block copolymers 
and graft copolymers. Block copolymers have long segments that are homopolymeric; 
these segments are made by initiating polymerization with one monomer, then adding 
a large excess of a second monomer. As the concentration of the second monomer de- 
creases, the first monomer is added again. This procedure is repeated as needed. 


Initiator, Init* К add 8 after 
nA > Init—A—A—A—A—A—A* 


a time interval 


add A after a 
TET > 
second time interval 


Init—A—A—A—A—A—A—B—B—B—B—B* 


add B after 
а time interval 


Init—A—A—A—A—A—A—B—B—B—B—B—A—A—A, A—A—A—A* 


> etc. 


The asterisk represents a reactive group (carbocation, radical, etc.) that can keep the polymerization process going. 


Graft copolymers are made by creating reactive sites, usually free radicals (see Sec- 
tion 26.2c), at random sites along a homopolymer chain. These sites are used to initi- 
ate polymerization with a second monomer. A common way of generating radical sites 
in the middle of a hydrocarbon chain is by irradiation with gamma rays. 


Radical initiator 


nA — A—A—A—A—A—A—A—A—A—A—A—A—A—A—A—A—A 
Homopolymer 
* 
А—А—А—А—А—А—А—А—А—А—Д—Д—Дд—Дд—д—д—д  — 92e rays, 
monomer B 
B 
A—A—A—A—A—A—A—A—A—A—A—A—A—A—A—A—A ——À 


pm New radical sites — 


A—A—A—A—A—A—A—A—A—A—A 


—A—A—A—A—A 


4 


A 
| 
B 
| 
F Graft copolymer 
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| 
B 
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А 
| 
В 
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26.1c PHYSICAL PROPERTIES OF POLYMERS ARE INFLUENCED 
BY Size, Mass, AND MorPHOLOGY 


Polymers, like all molecules, have mass and shape. Many of the polymers illustrated so 
far have been shown as linear chains. As described later, branching of these chains oc- 
curs in certain instances. In Section 26.1b, the structure of a graft copolymer was shown 
to have a comblike structure. Other interactions between chains, especially formation 
of hydrogen bonds, can also occur. 

The mass of a polymer cannot be determined in the same way as that of a small 
molecule. A single chain of a polymer can certainly be represented by a molecular for- 
mula, but polymerization processes generally lead to formation of a mixture of polymer 
molecules and a range of molecular weight values. Two common ways to specify the 
mass of a polymer are given by the formulas in Eqs. 26.1 and 26.2. 


Number average molecular weight (M,, ) 


(Nj )(M;) 
M, = (26.1) 
У (№) 
P) 


Weight average molecular weight (M, ) 


X (N)M;) 

TOME (26.2) 
E (N;)(M;) 
1 


In both cases, №; is the number of chains with a particular molecular weight, M; The 
symbol zis simply an index that specifies that we will include all the components of the 
mixture. As an example, if we have a polymer mixture having three chains with MW = 
1000, two chains with MW = 1200, and five chains with MW = 1400, the values of M, and 
M,, are calculated as follows: 


3+2+5 3(1000) + 2(1200) + 5(1400) 


2 2 2 
M= 3(1000) + 2(1200) + 5(1400) _ 1240 M,= 3(1000)* + 2(1200)? + 5(1400) = 1265 


Notice that the value of M, is greater than that of Ma- This result is always obtained be- 
cause of the greater contribution, in the calculation, by polymers with larger molecu- 
lar weights. | 
The ratio M,/M, is a useful quantity called the polydispersity index. This value is a 
measure of how broad the range of molecular weights is. If My/M, = 1.0, then the poly- 
mer is said to be monodisperse, which means that all chains have the same molecular 
weight. Biopolymers such as proteins and nucleic acids that are formed in living or 
ganisms are often monodisperse (e.g., all polypeptide chains of the protein myoglobin 
have the same composition, length, and mass), but synthetic polymers are not 
monodisperse unless extra steps are taken to separate the product into its constituents. 
The properties of polymers vary by more than the molecular weight. Composition 
and structure (linear, branched, cross-linked, etc.) play roles in defining the physical 
state of a polymer. Many polymers are soluble in organic solvents, from which the poly- 
mer can be cast as a film by evaporation. Polymers with cross-links, a topic to be dis- 
cussed shortly, are normally insoluble. Plastics are defined as polymers that can be 
molded when hot and then retain their shape when cooled. Thermoplastics are those 
that can be melted by heating to form a fluid that is readily molded. A thermoset plas- 
tic, on the other hand, can be molded only when it is first prepared. After cooling, !t 
hardens and cannot be melted again. An elastomer is a type of plastic that can be 
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Amorphous domain 


Crystalline domain 


а 
Amorphous domain Ж ne 


Figure 26.1 
The generalized structure of a solid polymer illustrating amorphous and crystalline regions. 


stretched without breaking, and it returns to its original shape and size when the 
stretching force is released. 

Polymers tend to form crystalline regions within the larger mass of material, espe- 
cially when the chains can form regular, ordered structures or where intermolecular 
forces such as hydrogen bonds can form. Figure 26.1 shows a schematic view of a poly- 
mer in the solid state. Crystalline domains differ from those regions with no ordered 
structure, the amorphous domains. Crystallinity tends to increase the strength and stiff 
ness of a polymer. For example, high-density (or linear) polyethylene (HDPE) com- 
prises straight chains of the polymer, which pack together tightly and are held together 
by London forces. 

This packing of chains correlates with a high proportion of crystalline domains, 
which produces an opaque material used to make items such as bottle caps and com- 
puter cases. Low-density polyethylene (LDPE), by contrast, has more amorphous do- 
mains, giving a material that is transparent and more flexible. Food storage bags and 
squeezable plastic bottles are made from LDPE. 


26.1d Some POLYMERS HAVE STEREOGENIC CENTERS 


Making a macromolecule does not change the fundamental structural features of 
bonded carbon atoms. In particular, a carbon atom with four different groups is chiral, 
whether that atom is in a small molecule or in a polymer with a molecular weight in the 
millions. Therefore, polymerization of an alkene that is unsymmetrical with respect to 
the C=C bond leads to formation of a material with new stereogenic centers. 

The stereochemical outcome for polymerization of a terminal alkene is classified 
in one of three ways: isotactic, syndiotactic, and atactic, which are illustrated below. 


Isotactic ki 


H RH 


RH RH RH 


RH RH 


RH RH R 


Syndiotactic 


| R 


% 


Н АВ HH RR HH RR HH RR HH 
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Atactic 
H RR HR HH RR HH RH RH RR H 
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An isotactic polymer has all of its substituents on the same side of a chain that is viewed 
in its zigzag conformation. A syndiotactic polymer exists with its substituents alternat- 
ing from side to side along such a chain. In an atactic polymer, the substituents are orj- 
ented randomly. 


| EXERCISE 26.2 


For the short sections of polymer shown in the preceding scheme, assign absolute con- 
figurations (Rand S) to each asymmetric carbon atom of the isotactic and syndiotactic 
polymers when R = CH3. 


aaaea 


26.2 CHAIN-GROWTH POLYMERIZATION 


26.2a ADDITION POLYMERS ARE FORMED FROM ALKENE MONOMERS 


The most common reaction that an alkene undergoes is addition: electrophilic addi- 
tion (Section 9.1a), concerted addition (Section 9.4а), radical addition (Section 12.3), 
and conjugate (nucleophilic) addition (Section 24.2). When addition occurs sequen- 
tially within a collection of alkene molecules, then a polymer forms. This process is 
called chain-growth polymerization or addition polymerization because the polymer 
chain is constructed by a series of addition reactions between a reactive group at the 
end of the growing chain and molecules of the monomer. 


26.2b POLYMERIZATION Occurs VIA CARBOCATION ADDITION 
TO AN ALKENE IN THE MARKOVNIKOV ORIENTATION 


In Section 9.3b, you learned that a carbocation is able to add to the л bond of an 
alkene, with Markovnikov regiochemistry; that is, addition occurs such that the new car- 
bocation is the more stable of the two carbocations possible. An acid such as 
H[BF3(OH)], which is a strong acid with a poorly nucleophilic anion, catalyzes the 
polymerization reactions of electron-rich alkenes (Section 9.3b). For example, isobuty- 
lene forms poly(isobutylene): 


i f" Mi s f^ 
НІВЕ, (ОН)] 

"+з peo Mee Pic E- C06 oie 
H CH; H3C CH, CH; 


The product comprises a mixture of polyisobutylene molecules having a range of mol- 
ecular weight values, as described in Section 26.1c. 

Cationic polymerization, which is the general term for the process illustrated here 
for isobutylene, requires that stabilized carbocations are produced at each step. There- 
fore, electron-withdrawing groups like halogen atoms cannot be attached to the alkene 
carbon atoms of the monomer. Besides isobutylene, only vinyl ethers, styrene, and 
vinylbenzene derivatives are normally polymerized via cation intermediates. 

Biological systems, however, can readily generate and stabilize carbocations so you 
might expect cationic polymerization to be involved in the formation of naturally oc- 
curring polymers. Natural rubber is formally a polymer of isoprene, but its formation 
occurs via cationic polymerization of isopentenyl pyrophosphate. The mechanism for 
this polymerization process follows the same pathway described previously for the 
biosynthesis of squalene (Section 9.8c). 


de = DADA 


Isoprene Natural rubber 
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3 zi 
Butyl rubber is a copolymer made by adding ~ 10% isoprene to the normal mixture of 
isobuylene and H[BFs(OH)]. Isoprene occasionally intercepts a carbocation in the 
growing polymer chain. Draw the structure of the intermediate carbocation that is 
generated when this step occurs. Review the steps in the mechanism of alkene poly- 


merization illustrated in Section 9.3b. 


———————————————————— 


26.2c ADDITION OF AN ALKYL RADICAL TO AN ALKENE PROVIDES 
A GENERAL METHOD FOR THE PREPARATION OF POLYMERS 


You learned in Chapter 12 that radical species add to the л bond of an alkene. Se- 
quential addition of radicals to alkene molecules is called radical polymerization (Sec- 
tion 12.3b). To review the mechanism briefly, initiation is normally carried out using a 
compound like benzoyl peroxide, which decomposes upon heating to form benzoyloxy 
radicals and phenyl radicals (Section 12.3b). If AIBN is used instead, the initiating 
species is the dimethylcyanomethyl radical. 


H3C CH; CH; 
/ n / 
NC—C—N=N—C—CN “ү? 2 NC—C- 
/ \ 1 
H3C CH; CH; 
AIBN Dimethylcyanomethyl radical 


Any of these radicals [PhCOO., Ph., (CH3)9(CN)C-] will add to the x bond of an 
alkene to generate an alkyl radical, and successive addition steps with additional alkene 
molecules will eventually generate a polymer. 

For example, styrene reacts with the benzoyloxy radical to form polystyrene. The 
first step creates the alkyl radial. The regiochemistry of this step is such that the more 
stable of the two possible radicals is formed. 


: fs З 
OA | CT CH —— € у-со—с„—ен 


The carbon-centered radical in turn adds to a second molecule of styrene, producing 
yet another radical, and the process is repeated over and over (propagation) to form the 
polymer. Termination occurs Whenever any two radical species combine (Section 12.1a), 
or when the polymer chain loses a hydrogen atom to form a double bond. 


A 


reus у 


Notice that the end of the chain where polymerization began retains the initiating 
group. The longer the polymer chain becomes, the less effect this “end group” has on 
the polymer's properties. For specialized applications, the end group can be modified 
or removed. 


ВЕ CH,—CH—CH,—CH 


> etc. 
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Methyl methacrylate is used to make poly(methyl methacrylate), a clear plastic, best 
known as Plexiglass. Show the first three steps of the polymerization process that makes 
use of AIBN to initiate the reaction. 


CH; CH; CH 

н; 3 

LO | (et. | ^ч | ч 
о on 


COOCH; COOCH, COOCH, 


с 
{ AIBN 
н.с ~“coocn, a 


Methyl methacrylate Poly(methy! methacrylate) 


—————— MÀ 


Ethylene is commonly polymerized using free radical initiation (Section 12.8b), 
shown in the following equation with AIBN as the initiator and a polymer product that 
Stopped propagating by loss of a hydrogen atom. 


AIBN, А 
п+1 H,C—cH, AEN, (CH),C(CN)—CCH,—CH,-}-cH= CH, 


The actual structure of the polyethylene product in this equation is not as simple as the 
structural formula foregoing would indicate, however. When ethylene is polymerized 
by radical methods, the resulting polymer has many chains that branch-off from the 
principal carbon chain. These branched polymers form if the radical site of a growing 
polymer chain abstracts a hydrogen atom during the polymerization process. 

During radical polymerization of ethylene, two types of branched polymers are 
formed. The first type results from what is called short-chain branching, which occurs via 
a six-membered ring transition state and leaves a chain of four carbon atoms dangling 
at random points of the chain. 


Short-chain branching 
CH;—CH; CH;—CH, 
/ \ Xa \ H,C=CH, 
CH,—CH;-C—H єн, ———5 4сн,-сн,)- н CH; 
Ub РОА n / 
н “CH, CH, 
Branch point i i 
ch poin £s CH; онен, | Dangling short chain 
H,C=Ch. 
{снн ——— 35 Continued polymerization 
CH,—CH, 


Alternatively, the radical of the growing chain can abstract a hydrogen atom from 
another chain. A new polymer subsequently begins to grow in the middle of an exist- 
ing chain, and leads to a process called long-chain branching. 


i 
i 
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Long-chain branching 


ami 
+{єн,—сн,3-сн,—сн,—сн,—сн,—©н, + {emch} th –сн, (сн, -сн,)- 


Growing chain Polymer already formed 


| 


+{сн,—сн„$}-сн,—сн,—сн,—сн,—сн, + нг –сн)-ён—сн, (сн, -сн,). 


Terminated chain New radical in the middle of a polymer 
[cmon 
н, –сн,)-сн-сн, (сн, сн, 
п | т 
CH, 
CH, 


[emer 


Continued polymerization 


Formation of branched chains usually leads to a preponderance of amorphous do- 
mains (Section 26.1c) in the resulting polymer, which leads to more flexible and lower 
melting plastics. Branched polyethylene is called LDPE. When there is no branching, 
the product is called HDPE, a material that is usually made by the Ziegler-Natta meth- 
ods described in Section 26.2d. Linear polyethylene is much stronger than branched 
polyethylene, but branched polyethylene is cheaper and easier to make. 

Low-density polyethylene, which is made by radical initiation methods, is com- 
monly used for soft plastic bags for food storage. High-density polyethylene is found in 
bottles used to package products that have a short shel£life such as milk. Polyethylene, 
being a hydrocarbon, is chemically nonreactive, which allows it to be used for making 
containers that are used for household and industrial chemicals. 

You are probably familiar with these materials even if you have not studied polymer 
chemistry previously. The recycling symbols that are stamped into plastic items indicate 
the polymer that was used in their manufacture, and these are summarized in Table 
26.1. You have probably seen numbers 1 and 2 most often because these polymers ac- 
count for ~ 95% of all plastics used to make bottles. Polyethylene terephthalate (1) isa 
copolymer that is the relatively hard plastic used in the manufacture of soft drink bot- 
tles. (The preparation of PPT is described in Section 26.3b.) High-density polyethylene 
(2) is a softer plastic that is made into gallon milk cartons, for example. 


26.2d TRANSITION METAL COMPLEXES CAN BE Usep 
TO POLYMERIZE ALKENES 


Radical and carbocation species are commonly used to initiate polymerization processes, 
but polymers having a defined stereochemistry cannot be made by those methods be- 
cause the growing chain is achiral at the reactive carbon atoms, As you have seen re- 
peatedly, stereochemical control is easier to attain when a reaction takes place in a 
concerted fashion. For polymerization, a concerted process occurs when a transition 
metal complex catalyzes the reaction, because migratory insertion (Section 15.3c), the 
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Table 26.1 А summary of the numbers, abbreviations, and structures of recyclable plastics.* 


Abbreviation Polymer name Polymer formula 
Ї | 
РЕТ Polyethylene terephthalate focn.cr.o~<-{ jt 
HDPE High-density polyethylene crcl} 
PVC Poly(viny! chloride) -Єєн,—сн—)- 
cl 
LDPE Low-density polyethylene -„{-ен,—сн,У- 


РР Polypropylene -{сн,—єн —- 
CH 


3 
PS Polystyrene сн, —cH + 


сн; 


“The symbol for PET is shown as ап example. 


key carbon-carbon bond-forming step, occurs between two species bonded to a metal 
ion. 


нн 

xac transition > x Ж 

n / \ metal catalyst | | m 
H R 


A common type of transition metal catalyzed process is Ziegler-Natta polymeriza- 
tion, named for Karl Ziegler and Giuilio Natta, the two scientists who discovered and 
developed this chemistry, which earned them the 1955 Nobel Prize in chemistry. The 
simplest Ziegler-Natta catalysts are made by combining a transition metal salt and a 
Lewis acid. For example, titanium (Ш) chloride and diethylaluminum chloride react to 
form a complex that subsequently dissociates to produce an alkyl(chloro) titanium 
species, the exact structure of which is unknown. We will use Ti (C9H5) Cle as the for- 
mula of the initiating species. 


5 
CI CH, CHCH [s 
| NUON ZF | 
TiCl; + AKCI(CH,CH), —> A A, — Ti—CH;CH; 
c cw Cd "i 


An alkene, for example, ethylene, reacts with the titanium ion in the same way that 
an alkene reacts with Wilkinson's catalyst (Section 15.3e), that is, by binding to an 
open coordination site. 


d E Ta €| CH;,—CH 
ie mC QNA 2 3 
Jfi- een, 2. т 

ci Ф Hc+ Ch 
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Migratory insertion of the ethyl group to the alkene produces a butyl (titanium) inter- 
mediate, concomitant with C-C bond formation. 


СІ CH,—CH cl 
NA ^ Б migratory insertion | 
CI—Ti \ ————— Ti 
n Eee CHs @ ЧТ “сн,сн,сн,сн, 


This migration step creates a vacant coordination site at the metal center, allowing an- 
other molecule of ethylene to bind to the titanium ion. 


СІ ct CH;CH;CH;CH 
T uar L EH OH CH CH, 
NL AEN CN CI— Ti 


Ti 
„м. 
сі "CH,CH,CH,CH, ® ucc OH 


The next migratory insertion step generates a hexyl (titanium) dichloro species. 


cl CH,CH,CH,CH; c 

NLA migratory insertion | etc. 
Cm P E Ti CL 
н. 24-9, @ C^ °сн,сн,сн,сн,сн,сн» 


This process of migration, which opens a coordination site, followed by binding of ethyl- 
ene, leads to polymer formation. Termination of the process occurs when a hydrogen 
atom is transferred from the solvent or another polymer chain to the metal ion. This 
transfer step is followed by reductive elimination of an alkane, which is no longer able 
to undergo addition to form a longer chain. Molecular hydrogen is sometimes added 
to terminate the reaction. 

Presently, the catalyst used to prepare HDPE (Section 26.2c) by the Ziegler-Natta 
method is a chromium salt supported on silica, but the sequence of steps outlined above 
still applies. Heterogeneous catalysts formed by adsorbing or attaching metal complexes 
to silica are especially useful in controlling the stereochemistry of Ziegler-Natta poly- 
merization of substituted ethylene derivatives (RCH=CHg). High degrees of isotactic 
structure can be obtained under certain conditions, and > 95% isotacticity is obtainable. 
Radical and cationic polymerization processes generate atactic polymers. 


26.2e ANIONIC POLYMERIZATION OFTEN Makes Use 
OF CONJUGATE ADDITION 


Addition of a carbanion to an o.,P-unsaturated carbonyl compound produces another 
carbanion (Section 24.3), so polymerization can occur if the conditions are right. In fact, 
anionic polymerization, the sequential addition of carbanions to alkenes to form poly- 
mers, occurs with a variety of Michael acceptors (Section 24.3a), some of which follow: 


PT ў 
COOCH; eost 


Acrylonitrile Methyl acrylate Methyl methacrylate Methyl cyanoacrylate 


22см 2“соосн, 


The initiator for anionic polymerization is a nucleophile that can generate an eno- 
late ion by addition to a Michael acceptor. A good example is methyl cyanoacrylate, 
which constitutes Super Glue. If hydroxide ion undergoes conjugate addition to methyl 
cyanoacrylate, a carbanion intermediate (enolate ion) is generated. 


CN Er CN 


:ÓH- x 
qum => HO. ux 
Diu © Bh ыдан. 
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In the normal Michael reaction, this carbanion would be protonated. But conjugate ad- 
dition to another double bond can occur in the absence of other electrophiles, and re- 
peated addition steps lead to polymer formation. 


ы см см CN 
X 2 : Ho A A 
HE o N D a G COOCH; 
COOCH; 
CN CN см 
i ke РА i но. 
но, р: Ё 
G COOCH 
toca, COOCH; COOCH; Ç looa i 
COOCH; 
CN CN CN CN 
HO. а. —— etc 
COOCH; COOCH, © 
COOCH, 
COOCH; 


Anionic polymerization is not used as often to make specific polymers because 
other addition methods are easier to control. For an application like adhesion, how- 
ever, the composition is not important (as long as it holds!), so anionic conjugate ad- 
dition constitutes an efficient and readily initiated process. 


EXERCISE 26.5 


A substantial portion of skin is protein. Indicate which amino acid side chains might act 
as nucleophiles to initiate the anionic polymerization of methyl cyanoacrylate, ac- 
counting for the warning on products like Super Glue that caution against gluing one’s 
fingers together. See Table 27.1 for structures of the common amino acids. 


26.3 STEP-GROWTH POLYMERIZATION 


26.3a CONDENSATION POLYMERS ARE FORMED BY REACTIONS 
BETWEEN DIFUNCTIONAL MOLECULES 


So far, you have seen how polymers are made by repeated addition to the t bonds of 
alkenes by a radical, a carbocation, or an alkyl group attached to a metal ion. Polymers 
can be made by other methods, however, and condensation polymers, also known as 
step-growth polymers, are made by reactions between pairs of functional groups. Poly- 
esters, polyamides, polyurethanes, and related materials are commonly made by step- 
growth polymerization. Step-growth polymerization differs from chain-growth 
polymerization in that each end of each intermediate formed during the polymeriza- 
tion process can react. During the chain-growth process, a reactive intermediate is pre- 
sent only at one end of the growing chain. 

Wallace Carothers, a DuPont chemist who is credited with the discovery and de- 
velopment of nylon, was a pioneer in the study of step-growth polymerization. He pro- 
posed a correlation between the number average degree of polymerization, Xn (the 
average number of monomer units in the polymer chain) and the extent of reaction, 
p. This relationship has come to be known as the Carothers equation (Eq. 26.3). 


X xL (26.3) 
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Table 26.2 A comparison between X, and p for a typical 
step-growth polymerization process. 


p 5096 90% 99% 99.9% 99.99% 


Xn 2 10 100 1000 10,000 


A summary of the results from applying the Carothers equation is shown in Table 26.2, 
and the take-home lesson is this: The process must reach an extremely high conversion level if 
a reasonable length of polymer is to be obtained. 

Even when the reaction is 99% complete, the average polymer in the mixture is 
only ~ 100 units long, which is often too short to have much utility. Let us look at what 
makes step-growth polymerization inefficient until the reaction is nearly complete. 

Consider the reaction between a diacid and a diol, catalyzed by HX, which pro- 
duces a polyester. The first step produces a monoester with elimination of a molecule 
of water, and this first product contains an acid and an alcohol functional group. 


Key: 
©-@ -OO 0O00 @-—== 


Diacid Diol Monoester =—OH 


What we would like to see happen is a reaction between two molecules of this mo- 
noester product to form a triester. A polyester is the eventual product of this pathway. 


O-9-0 + 0900—0060 


Мопоеѕїег Monoester Triester 
< 3 
' Ce 000909 
OR A : 
Polyester 


The actual sequence of events is directed by the concentrations of the compo- 
nents within the reaction mixture. After formation of the monoester, much greater 
amounts of diacid and diol are present, so the likelihood that two monoesters will find 
each other is low. As a regult, intermediates that form in early stages of the reaction 
have the same functional group at each end, so they must diffuse through the reaction 
mixture until they collide with a molecule that has the other functional partner. 


O-9-0 + С-О — oeeo 


Monoester Diol Diester diol 


OOO + 09-0 — 090999 


Monoester Diacid Diester diacid 


Notice that if functional groups are different at each end of the molecule, then every 
other molecule in the mixture has a functional partner, so productive collisions occur 
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much more often. As the reaction progresses, the starting diacid and diol concentra- 
tions finally become low enough that the larger pieces begin to condense with each 
other more readily, and toward the end of the reaction (>99% conversion), apprecia- 
ble amounts of polymer are finally produced. 


26.3b POLYESTERS ARE MADE BY TRANSESTERIFICATION 


Polyesters are prepared by condensation processes, but they are not often made by the 
reaction between a diacid and diol, described in Section 26.3a, because direct esterifi- 
cation reactions rarely exceed 9896 conversion. Polyesters made in that way would have 
< 100 units in each chain. However, transesterification (Section 21.4e) provides a viable 
alternative route. For example, PET, which is used to make recyclable soft drink bottles, 
is prepared by the reaction between dimethyl terephthalate and ethylene glycol. 

The first stage of the process is a transesterification step that replaces methanol 
with ethylene glycol units. The methanol can be recovered and recycled, aspects of the 
process that constitute important economic and environmental considerations on a 
large scale. Each year 50 billion tons of PET are made in the United States alone. 


ї i 1 ї 
HOCH;CH;OH 
O CH0—C (2 C—OCH; а сто; > HOCH.CHO—C—{" 7-с осњ,снон 
л 3' 


Dimethyl terephthalate 


Then, the mixture is heated even further, to ~ 200°C, in the presence of an anti- 
mony oxide catalyst. The OH groups of the ethylene glycol units participate in a second 
transesterification step that creates the polyester and regenerates half of the ethylene 


glycol, which is also recycled. 
о о о о 
| | $b,0, | | 
HOCH,CH,O—C C—OCH,CH,OH —+-> +c C—OCH,CH,O 
+ 


HO—CH,—CH,—OH 


кә 


The mechanism of transesterification was presented in Section 21.4e: The ОН 
group of the hydroxyethyl ester acts as a nucleophile to generate a tetrahedral inter- 
mediate, which collapses to regenerate the carbonyl group. This process is repeated 
thousands of times to generate the polymeric product. 
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EXERCISE 26.6 


What monomer would you use to prepare the polyester shown here? Propose a rea- 
sonable mechanism for the first three coupling steps. 


(~~~ 


Polycarbonates are similar in structure to polyesters. A carbonate is the diester de- 
rivative of carbonic acid, but these esters are normally made by the reaction between an 
alcohol and Phosgene, not the acid itself, which in unstable. 


ў | 
С Хер * ?€80H ——> Hes re нь + 2на 


Phosgene Methanol Dimethyl carbonate 


When a diol reacts with phosgene, then a polycarbonate is formed. A familiar polycar- 
bonate is Lexan, which is both transparent and resistant to shattering when struck, so it 


is used to make materials such as safety glass and helmets for football players and cyclists. 


Нс CH; НС CH; 


о 

NN ї 
Pts ue ui ( ow. 
Na*O 9^ Na о o^ 7oj 


Disodium salt of bisphenol A Phosgene Lexan 
(a polycarbonate) 


Propose a reasonable mechanism for the preparation of dimethyl carbonate from 
phosgene and methanol. 


26.3c POLYAMIDES ARE MADE FROM DIAMINES AND DICARBOXYLIC 
AcIDS OR FROM AMINO Acips 
The amide group is an integral part of proteins, and we will look more closely at the 


chemistry of amino acids and polypeptides in Chapter 27. The amide group is also pre- 
sent in polyamides that find application in the manufacture of textiles and other 
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materials. Nylon is probably the best-known polyamide, and it is prepared in much the 
same way as polyesters. Ifa diamine is treated with a dicarboxylic acid under conditions 
that lead to expulsion of water (usually high temperatures), a step-growth process oc- 
curs to form the polyamide. 


| | | 

A 

ноос—-—соон + HON——NH, —&g? HOOC—-—ClN—-—N-6€—-—CTN—-—NH, 
К 


H 


For example, adipic acid and 1,6-diaminohexane react to form Nylon 66. 


О 
(Сн›% 
РЕ 2 “м 
H H 


о 


(Сн), 


п 


Adipic acid 1,6-Diaminohexane Nylon 66 


As you might expect, a diester or diacid chloride can also be used in polyamide syn- 
thesis, but these acid derivatives are much more expensive than the diacid itself. The 
use of an acid chloride also requires the addition of base to neutralize the НСІ that is 
generated. 

Another way to prepare a polyamide is to start with an amino acid. For example, 6- 
aminohexanoic acid reacts with itself to form Nylon 6. The starting material is made by 
hydrolysis of ¢-caprolactam, which is made by the Beckman rearrangement of cyclo- 
hexanone oxime (Section 20.14). Once the nylon chain starts growing, its amino 
group can open the caprolactam ring directly, a process called ring-opening polymeriza- 
tion. Nylon 6 and Nylon 66 have very similar properties because the amide groups are 
spaced similarly in each polymer. 


9 о о 
- as + 
NH —— HN өн —uo? Н - 


€-Caprolactam 6-Aminohexanoic acid Nylon 6 


Polyamides often display structural regularities that result from formation of hy- 
drogen bonds between chains. These same types of hydrogen bonds are created within 
the interior of many proteins and account for their structures (Section 27.5b). The 
N-H portion of an amide group is a good hydrogen-bond donor, and the carbonyl oxy- 
gen atom functions as a hydrogen-bond acceptor (Section 2.8b). Nylon 6 and Kevlar are 
two examples of polyamides that have regular structures stabilized by hydrogen bonds. 
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Nylon 6 Kevlar 
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26.3d Mo LecuLes WITH OTHER FUNCTIONAL GRoups CAN BE USED As 
REACTANTS IN STEP-GROWTH POLYMERIZATION PROCESSES 


Many of the reactions you have learned so far in this course can be used to create poly- 
mers. Instead of performing a reaction between two compounds, each of which has 
one functional group, you could choose compounds that each have two (or more) 
functional groups. For example, the nucleophilic substitution reaction between an 
alkyl halide and an alkoxide ion (the Williamson ether synthesis—Section 7.2b) might 
be one to consider: 


omg?” + „мн ES OLN +B 


CLO + В „г ES а и ый 
м 


Practical considerations, however, often limit the types of reactions that are actually 
used to make polymers. In the case of nucleophilic substitution reactions, solvents 
needed to dissolve the bis(alkoxide) ion may not dissolve the polymeric product well. 
So as the reaction progresses, the polymer may begin to precipitate before it reaches a 
reasonable length. There are ways to circumvent these limitations, such as using two 
immiscible solvents, one to dissolve the salt, and one to dissolve the growing polymer 
chain. This latter strategy is actually used to make Lexan (Section 26.3a). 

Nevertheless, there are several functional groups besides esters and amides that are 
suitable for polymer formation. Epoxides are reactive functional groups that can be 
opened under a variety of conditions with different reagents (Section 7.2e). For ex- 
ample, ethylene oxide is opened in water to form ethylene glycol. 


H,0 
OHT (бо їз, NOH + он- 
HO 
ГЕ" 
Ethylene oxide Ethylene glycol 


Poly(ethylene oxide) can be made by base-induced ring opening of ethylene oxide in 
the absence of water. 


о many times 
ls ee A —— 9, 
Poly(ethylene oxide) 


Epoxide resins, as found in cured two-component epoxy glues, are made in a sim- 
ilar manner by the reaction between a bis(epoxide) and a diamine, which leads to 
opening of the strained three-member rings. 
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EXERCISE 26.8 


Epichlorohydrin is a difunctional molecule that reacts with 2 equiv of alcohol to form 
a diether. 


OH 


a <] —— > aco „Дд och + на 


In the first step, the epoxide ring is opened by a molecule of alcohol, which generates 
a secondary alcohol. This secondary OH group reacts with the adjacent carbon atom 
by displacing the chloride ion and forming an epoxide ring. The second molecule of 
alcohol (methanol in this exercise) subsequently reacts to open the second epoxide 
ring. Show the steps of the overall mechanism just described (cf Exercise 16.23). 
Epichlorohydrin can react in a similar way with diols to form polymers. Draw the 
structure of the polymer formed from the reaction between epichlorohydrin and 1,3- 
dihydroxypropane. 
a 


The isocyanate group is another highly reactive functional group that finds appli- 
cation in polymer synthesis. Isocyanates react with alcohols to form carbamates, which 
are also called urethanes, and with amines to form derivatives of urea. 


ї 
H;C C CHCH 
H,C—N—C—O0 + CH,CHOH —> "wg 23 
H 


Methyl isocyanate Ethanol Methyl ethyl carbamate 


| 
нс С CH,CH, 


H;C—N=C=0 + CH;CH;NH;, ——— “м SN 
H H 
Methyl isocyanate Amnioethane Methyl ethyl urea 


Polyurethanes are prepared from reactions between diisocyanates and diols. Often, 
the diol is a polymer with a hydroxy group at each end of the chain. The length of the 
polymeric diol affects the specific properties of the resulting polyurethane. 


H CH; H 
NCO N N O—polymer—O 
+ HO-polymer—OH > Тт M 
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EXERCISE 26.9. 


Propose a reasonable mechanism for the reactions leading to urea formation in the 
preparation of the following poly(urea): 
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26.4 MODIFICATION OF POLYMERS 


26.4а Cross-Links MAKE PoLvMERS MORE RIGID AND LESS SOLUBLE 
Polystyrene is formed by the radical-initiated polymerization of styrene, as described in 
Section 26.2c. Because it is soluble in a variety of organic solvents, polystyrene objects 
can be made in practically any shape; with injection of an inert gas during the evapo- 
ration or casting process, styrofoam is generated. 


000000 


Polystyrene 
Soluble in many organic solvents 


When a mixture of styrene (98%) and p-divinylbenzene (2%) is allowed to poly- 
merize, an insoluble cross-linked copolymer is formed. This material is much more rigid 
than the material without cross-links. Recall that proteins such as collagen are also 
made more rigid by forming crosslinks (Section 20.2b). Crosslinked polystyrene (cps) 
is often made as an emulsion in a polar solvent, which creates small spheres as it forms. 
These beads, as they are called, find applications as supports for reagents (Section 
26.4b) and for solid-phase peptide synthesis (Section 27.4c). 


N SS 


К: (initiator) 
———5 


2*6 Cross-linked polystyrene (cps) 


Insoluble 


Cps has channels and voids within the polymer matrix that allow solvents and 
reagents to diffuse throughout its interior. Many solvents cause swelling of the 2% 
cross-linked polymer, increasing its flexibility and enhancing diffusion processes. With 
use of larger amounts of divinylbenzene, cross-linking becomes extensive enough to 
inhibit flexibility. 


26.4b FUNCTIONALIZED POLYMERS Can BE USED TO ATTACH 

OR SCAVENGE REAGENTS 
The phenyl rings in cps react like any alkylbenzene derivative, so they can undergo sub- 
stitution by electrophilic reagents. Friedel-Crafts alkylation (Section 17.2e) makes use of 
chloromethyl methyl ether and a Lewis acid catalyst such as SnCly. The electrophile is the 
SnCls" salt of CH&OCH;*, and substitution occurs randomly throughout the polymer. 
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CICH,OCH, 
Sncl, 


After attachment of chloromethyl groups to the phenyl rings of cross-linked poly- 
Styrene, it is possible to carry out substitution reactions at the benzylic positions. With 
use of appropriate reagents, a variety of functional groups can be attached to the in- 
soluble polymer. 

= ct — NH; 


es-Q ) > 4 Jj 


= he = OH 
=) dh mw, 


Another reaction that is generally successful with cross-linked polystyrene is elec- 
trophilic bromination. 


ES Br, FeBr; c т 
ср< C / H > ps V И 


Once the ring has beem brominated, then lithium-halogen exchange generates ап 
organometallic intermediate that can be used to attach other functional groups to the 
rings. As with all of operations carried out with an insoluble polymer, purification is a 
matter of washing away unreacted reagents or unwanted side products. The functicnal 
group remains attached to the polymer and is ready for subsequent reactions (Sg = el- 
emental sulfur), 


Br 


Buti, THF 


cps \ / Br > œs P Li 


zuo" SES X / к 


5 CHO 
BAA 


When a diphenylphosphino group is attached to cps (shown directly above), it can 
be used to perform a Wittig reaction as a “polymer-supported reagent”. In this proce- 
dure, the phosphorus atom is alkylated in the usual way, and a base (butyllithium in this 
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example) is added to form the ylide (Section 20.4a). Addition ofa ketone leads to for- 
mation of the corresponding alkene. By using the polymersupported Wittig reagent, 
the phosphine oxide byproduct remains attached to the polymer, which is insoluble. To 
isolate the desired alkene product, one has only to filter the reaction mixture and 
evaporate the solvent. 


‘ ) f 1. CHICH;CH;Br 1 ; + d 
cps егеу - 
F | 2. Buli, THF «RS И ki 


Soluble insoluble 


EXERCISE 26.10 


Starting with the polymersupported thiol illustrated here, show how you could create 
à reagent to carry out epoxidation reactions of aldehydes and ketones via a sulfur ylide 


(Section 20.4e). 
os 


Ph. 


CH; 

H 

N Мсн Ga es) | ие 

y THE NEG Ed + PhCH,Br + Et,NH* Bro 


Soluble in water 


Soluble in organic solvents 


Ph ен Ph 

2 

ee алы LO ee 

Ba + PhOHBr Hue S xe + ei Ys + Et,NH* Br- 


Soluble in organic solvents Soluble in organic soivents Insoluble 


Soluble in water 
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Section 26.4 Modification of polymers 


* Polymer chains can be connected by bonds called cross-links, which generally 
make the polymer insoluble and more rigid. 

* Cross-linked polymers are useful materials to which chemical reagents can be at- 
tached. Separation of excess reagent from a soluble product is easier when the 
reagentis attached to an insoluble polymer; filtration suffices to separate the two. 


EXERCISE 26.11 


You carry out hydrolysis of the following imine and wish to isolate the amine product: 


ыла 
ea Hera, 


Show how you would make use of aminomethylpolystryrene [(cps)-CHgNHp, shown 
here] to act as a scavenger of the byproduct. 


eee 


| KEY TERMS 
ни, Section 26.1а Section 26.14 Section 26.24 
d * / polymer isotactic Ziegler-Natta 
monomer syndiotactic polymerization 
repeat unit atactic 
н Section 26.2е 
ection 26.1b Section 26.2a anionic polymerization 
homopolymer chain growth 
CHAPTER SUMMARY ee polymerization Section 26.3a 
Section 26.1 Polymers and their properties еспашп copolymer addition polymerization vin i polymer 
* Polymers are high molecular weight compounds composed of repeating units of segmented copolymer В о сов 
asmall molecule called a monomer. block copolymer Section 26.2b 
• А polymer is often named with the prefix “poly-” plus the name of the monomer. graft copolymer cationic polymerization Section 26.3d 
• Copolymers are made from more than one monomer, and they can be classified 7 А isocyanate 
as random, alternating, or segmented; segmented polymers comprise block and Section 26. 1¢ Section 26.2c carbamate 
graft copolymers. pasne . radical polymerization urethane 
* The molecular weight of a polymer is an average of the masses of individual D HE branched polymers urea 
chains that constitute the bulk material. elastomer T 
* Apolymer in which all of the chains have identical lengths is called monodisperse. 
* Plastics are polymeric materials that can be molded when hot and then retain 
their shape when cooled. 
* Polymers tend to have portions that are crystalline and some that are amorphous. 
Those with more crystalline than amorphous domains are often stronger and Section 26.2b REACTION SUMMARY 


stiffer. 
Polymers with chiral carbon atoms can be classified by their types of stereo- 
chemistry, which are isotactic, syndiotactic, or atactic. 


Section 26.2  Chain-growth polymerization 

* Addition polymers are made from alkene monomers by a process called chain- 
growth polymerization. 

e Chain-growth polymers are made by addition of a carbocation, radical, or carban- 
ion at the end of a growing polymer chain to the т bonds of alkene monomers. 

* Chain-growth polymerization can also be catalyzed by transition metal com- 
pounds, via migratory insertion of an alkyl group to the л bond of the alkene, а 
process called Ziegler-Natta polymerization. 


Section 26.3 Step-growth polymerization 


Cationic polymerization; a carbocation adds with Markovnikov regiochemisty to an 
electron-rich alkene (styrene derivatives, vinyl ethers, and some aliphatic alkenes). 


Section 26.2c 


H К 


H R 


yl, OR, alkyl 


К = ar 
R' = Н, alkyl 


H R 


\ A + | | 
> 6—95 
H R 


Radical polymerization: A radical adds to a double bond to form the more stable of the 


two possible radicals. 


* Step-growth polymerization, also called condensation polymerization, occurs H H н H 
by intermolecular reactions between two functional groups of the monomers. к. Е, Box 4 l $ 
* The Carothers equation relates the average number of monomer units with the K М | p^ 
H R 


extent of reaction. 
• Polyesters, polyamides, polyurethanes, polycarbonates, and polyethers аге com- 
mon materials made by the step-growth method. 


жох “pena 
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Section 26.2d p 
Ziegler-Natta polymerization: A transition metal complex catalyzes the addition of a 
metal-bonded alkyl group to a coordinated alkene. 


i Pi 1 i 
transition 
"ORA аа: 
H R catalyst H R 


Section 26.2e 

Anionic polymerization: Conjugate addition to an o,B-unsaturated carbonyl compound 
or nitrile leads to formation of a carbanion, which adds to another molecule of the «,8- 
unsaturated carbonyl compound, perpetuating a chain reaction. 


H H j " 
A Ye Nuc” Мис - i с n 
H R Hz 


Z= COR, CN, COOH, COOR 


Section 26.3b 
Diols and diesters or hydroxyesters undergo transesterification reactions to form poly- 
esters. 


n HOM“OH + n ROOC-——COOR > [6 C—0-—0-- + 2n ROH 


| 
n но—соов ————> omc- + п ROH 


| | 
n HO--0H + n с—с—а ———— -[0o-—-0—CJ- + 2n HCl 


Section 26.3c 
Diamines react with diacids, or amino acids react with themselves, to form polyamides. 


rf 
n H,N~~NH, + п HOOC~~COOH ————> ЕИ il L otn H;O 


| 
n H,N~—~CcoOR ————> saan + nHO 


Section 26.3d 
Ring-opening reactions of epoxides by nucleophiles leads to formation of polyethers 
and epoxy resins. 


R 
Q LAX 
п ZN R = n 
N 
n HNN + n Gog? —> Sew a 


| 
$ 
1 
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Carbamates (urethanes) are prepared by the reactions between isocyanates and alcohols. 


1 
Sts ' ; 
R-N=C=0 + кон ——— Rr ae 
H 


Urea derivatives are prepared by the reactions between isocyanates and amines. 


[9] 
R—N=C=O + R'NH; > fh UR 
H H 
Diols react with diisocyanates to form polyurethanes. 
o о 
п HOM~“OH + n OCN—~NCO > d Ren -— - 


ADDITIONAL EXERCISES 
26.12. Draw a portion of the structure for each of the following (random) copolymers: 
a. Viton, used in gaskets: from hexafluoropropene and 2,2-difluoroethylene. 
b. Nitrile rubber, used in gasoline hoses: from 1,3-butadiene and 2-propene- 
nitrile (acrylonitrile). 
с. Styrene-butadiene rubber (SBR), used in tires: from styrene and 1,3-butadiene. 


26.13. Draw the structure of the polymer you would expect to generate by the acid- 
initiated polymerization of each of the following monomers. Show the first three 
steps of the polymerization process, with H* as the initiator. 

a. Styrene, C;H;- CH-CH», 
b. methyl vinyl ether, CHs-O-CH=CH» 


26.14. With free radical initiation, tetrafluoroethylene is converted to the polymer 
Teflon. Propose a mechanism for the first three steps of this process. 


26.15. A chemist inserted a pipette contaminated with sodium hydroxide solution 
into a bottle of B-propiolactone. A month later, a co-worker took the bottle from 
the shelf and discovered that it was full of a viscous material, which she correctly 
concluded was a polymer. What was the structure of the polymeric material? Pre- 
dict the appearance of the IR and ЇН NMR spectra of this substance. 


26.16. Bisphenol A can be prepared from phenol and acetone under acidic condi- 
tions. From your knowledge of electrophilic aromatic substitution, as well as addi- 
tion reactions of aldehydes and ketones, propose a reasonable mechanism for this 
transformation. 


CH; 
rm e OO 
CH3 


Bisphenol A 


a Ени 
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26.17. One way to make Lexan is by a transesterification process between diphenyl 
carbonate and bisphenol A (Exercise 26.16). Show the mechanism by which two 
bisphenol A molecules are linked in the first stage of this polymerization process. 


о 
: P 2 © © ES 
sini 
CHO OCH; Но OH 


Diphenyl carbonate 


JO OU. o o. eo. 
| 


о 
L OC 
^o oj. 


26.18. Urea undergoes a reaction with itself, forming a heterocycle called melamine. 
Formaldehyde reacts with melamine to form а three-dimensional array that is used 
to manufacture Melmac dishes and Formica. Propose a mechanism for the forma- 
tion of melamine from urea, catalyzed by acid. 


Melamine 


Propose a mechanism for the formation of the polymer illustrated below, which is 
formed via the tris(hydroxymethyl) derivative of melamine. 


A N^ ^N^ “№2 “у 
N “у HCHO N SN L4 - М 
нм NH, нм “№ NH A oe 


Í 

$ 
{ 

|! 
| 
{ 
| 


26.19. Qiana isa silky polyamide fabric that has the following structure. 
О 
H H 
мү N N 1. 
21000; 


What аге the monomers used in its manufacture? Illustrate how this polymer can 
form intermolecular hydrogen bonds to create a three-dimensional network. 


26.20. Urea and formaldehyde condense to form a polymer with the following struc- 
ture. Propose a reasonable mechanism for its formation, which occurs via N 
hydroxymethylurea. A possible mechanism follows a pathway analogous to that of 
the Mannich reaction (Section 24.1b). 


о О о о 
ња won 


N-Hydroxymethylurea 


26.21. Draw the structure of poly(vinyl alcohol). This polymer cannot be made by 
polymerization of vinyl alcohol because the latter is unstable. Explain why vinyl al- 
cohol does not exist as a stable molecule. Poly(vinyl alcohol) is made instead by hy- 
drolysis of poly(vinyl acetate), a constituent of chewing gum. Draw the structure of 
poly(vinyl acetate) and show the mechanism for the first three steps of polymer- 
ization via radical initiation. 


26.22. Natural rubber (Section 26.2b) is normally a sticky substance. Charles 
Goodyear discovered that heating natural rubber with sulfur, a process called vul- 
canization, produces a harder, more durable substance that he subsequently used in 
the manufacture of bicycle tires. Vulcanization is a free radical reaction, initiated 
by heat, whereby adjacent polymer chains are cross-linked by disulfide bonds. 
Schematically, this process can be illustrated as follows: 


A, sulfur 


From your knowledge about the stability of free radicals (Section 12. 1d), predict at 
which position (s) these cross-links are likely to form in the rubber chains. 


26.28. Another method for the synthesis of polycarbonates makes use of nucleophilic 
aromatic substitution (Section 17.4e) with the carbonate ion as the nucleophile. 
Propose a reasonable mechanism for the following transformation: 


о о 
ма,со; (^ © о 
= 
Е $ » F oot, 
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26.24. Neoprene is made by Ziegler-Natta polymerization of 2-chloro-1,3-butadiene. | ; / 
Draw a portion of this polymer assuming that the double bonds in neoprene have 


the (2) configuration. ENS ———————À 
26.25. Sulfonation (Section 17.2d) of cross-linked polystyrene can occur on some of | 


the rings of the polymer. Illustrate a portion of the polymer with the appropriate 


functional groups attached, Such a polymer could be used as a reagent or scay- A М | N О А С | р 5 I P E Pil D E 3 " 
might use this polymeric reagent. A N D P R Q Т E | N S 


26.26. How might the following polymer (Section 26.4b) be used to make a “hetero- 
genized homogeneous catalyst”, that is, an insoluble version of the soluble Wilkin- 
son hydrogenation catalyst (Section 15.3e)? 
27.1 AMINO ACIDS 


Là 27.2 CHEMICAL SYNTHESIS OF AMINO ACIDS 
m s Я 27.3 ASYMMETRIC SYNTHESIS OF AMINO ACIDS 
РІ 
27.4 PEPTIDE SYNTHESIS AND ANALYSIS 
26.27. А mixture of divinylbenzene, styrene, and 4vinylpyridine can be copolymer- 27.5 PROTEIN STRUCTURES 
ized to form an insoluble polymer that has pyridine groups throughout the matrix 
What reagents might be attached to this polymer to carry out oxidation Processes? CHAPTER SUMMARY 


26.28. Show how you could make a polymersupported reagent to carry out the Swern 

oxidation (Section 11.4b). Proteins have many roles in the functions of living systems: they provide the structures 
that compose and support bones, skin, and muscle; they constitute the framework of 
enzymes, which are catalysts for chemical reactions in organisms; they act as stoichio- 
metric "reagents" involved in the transport and storage of small molecules and ions; 
they regulate and control growth and differentiation; and they recognize foreign sub- 
stances. The fact that they are composed mostly of the same 20 building blocks, the о- 
amino acids, is intriguing. 

This chapter describes the chemistry of these two types of molecules: the o-amino 
acids and proteins. For both topics, the presentation focuses on the structural features 
and preparative methods of these substances. By necessity, the discussion can only pro- 
vide a brief introduction to these subjects, but the fundamental aspects that are covered 
here will provide a foundation for further studies of biochemistry and molecular biology. 


27.1 AMINO ACIDS 


27.1a THE Q-AMINO ACIDS ARE THE Most IMPORTANT 
IN LiviNG Systems 


Technically, any organic molecule that has an amino group and a carboxylic acid group 
is an amino acid. The term amino acid, however, is usually applied to the camino acids 
that constitute proteins. A compilation of the structures and names of the 20 geneti- 
cally coded amino acids is presented in Figure 27.1. 

j The term “genetically coded amino acid" deserves comment. In living organisms, 
most proteins are made by enzymes that interpret the genetic code, the sequence of 
DNA molecules in the genes that dictate an organism's characteristics. The code is first 
transcribed to yield individual ribonucleic acid (RNA) molecules. Then, during trans- 
| lation, RNA molecules bonded to amino acids in the cell deliver them, one by one in 
1 the encoded order, to a growing protein chain. This scheme, known as "the central 
| dogma of molecular biology”, specifies the flow of information from genes to proteins. 
1 


ЭЕ transcription translation А 
Replication DNA ————› RNA ~~~ Protein 
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26.24. Neoprene is made by Ziegler-Natta polymerization of 2-chloro-1,3-butadiene. ) 
Draw a portion of this polymer assuming that the double bonds in neoprene have 


the (Z) configuration. 


26.25. Sulfonation (Section 17.94) of cross-linked polystyrene can occur on some of 
the rings of the polymer. Illustrate a portion of the polymer with the appropriate 


functional groups attached. Such a polymer could be used as a reagent or ѕсау- A MI N O A С | D S " P E PTI D E S А 


enger іп organic reactions: Give some specific examples of reactions in which you 


might use this polymeric reagent. A N D P R О T E | N S 


26.26. How might the following polymer (Section 26.4b) be used to make a “hetero- 
genized homogeneous catalyst”, that is, an insoluble version of the soluble Wilkin- 
son hydrogenation catalyst (Section 15.3e)? 
27.1 AMINO ACIDS 
Ph 


/ 27.2 CHEMICAL SYNTHESIS OF AMINO ACIDS 
cps P 
К <> m 27.3 ASYMMETRIC SYNTHESIS OF AMINO ACIDS 
PI 


27.4 PEPTIDE SYNTHESIS AND ANALYSIS 


26.27. A mixture of divinylbenzene, styrene, and 4vinylpyridine can be copolymer- 27.5 PROTEIN STRUCTURES 
ized to form an insoluble polymer that has pyridine groups throughout the matrix. 
What reagents might be attached to this polymer to carry out oxidation processes? CHAPTER SUMMARY 


(Hint: See Section 11.4c.) 


26.28. Show how you could make a polymersupported reagent to carry out the Swern 

oxidation (Section 11.4). Proteins have many roles in the functions of living systems: they provide the structures 
that compose and support bones, skin, and muscle; they constitute the framework of 
enzymes, which are catalysts for chemical reactions in organisms; they act as stoichio- 
metric “reagents” involved in the transport and storage of small molecules and ions; 
they regulate and control growth and differentiation; and they recognize foreign sub- 
stances. The fact that they are composed mostly of the same 20 building blocks, the o- 
amino acids, is intriguing. 

This chapter describes the chemistry of these two types of molecules: the o-amino 
acids and proteins. For both topics, the presentation focuses on the structural features 
and preparative methods of these substances. By necessity, the discussion can only pro- 
vide a brief introduction to these subjects, but the fundamental aspects that are covered 
here will provide a foundation for further studies of biochemistry and molecular biology. 


27.1 AMINO ACIDS 


27.1a THE O&-AMINO ACIDS ARE THE Most IMPORTANT 
IN LIVING SYSTEMS 


Technically, any organic molecule that has an amino group and a carboxylic acid group 
is an amino acid. The term amino acid, however, is usually applied to the o-amino acids 
that constitute proteins. A compilation of the structures and names of the 20 geneti- 
cally coded amino acids is presented in Figure 27.1. 
The term “genetically coded amino acid” deserves comment. In living organisms, 
most proteins are made by enzymes that interpret the genetic code, the sequence of 
DNA molecules in the genes that dictate an organism’s characteristics. The code is first 
transcribed to yield individual ribonucleic acid (RNA) molecules. Then, during trans- 
lation, RNA molecules bonded to amino acids in the cell deliver them, one by one in 
i the encoded order, to a growing protein chain. This scheme, known as "the central 
| dogma of molecular biology", specifies the flow of information from genes to proteins. 
i 


mE transcription translation " 
Replication DNA » RNA ——— Protein 
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H н 
Serine Threonine 
(Ser, S) (Thr, T) 
Figure 27.1 


Structures, names, and abbreviations for the genetically coded amino acids. 


Amino Acids, Peptides, and Protein 


en 
Н.м «СООН 
н 


Аѕрагадіпе 
(Asn, №) 


H 
HaN=—Č— COOH 
H 


Glycine 
(Gly, б) 


D 


=r i 
a 
E 


HN C-COOH 


n (Y nes 


E 


Methionine 
(Met, M) 


cn; 
HNe-C-COOH 
H 


Tryptophan 
(Trp, W) 


Сн, 


H N= C—COOH 


H 
Aspartic acid 
(Asp, D) 


N= 
ү“ 
сн, 
H; N= C- COOH 


H 


Histidine 
(His, H) 


CH, 
Ha N= C—a COOH 
H 


Phenylalanine 
(Phe, F) 


OH 


Oh 
H,N™C-—~COOH 
H 


Tyrosine 
(Tyr, Y) 


SH 


еу 


Сн 


H,N=C—=COOH 


ШАГ 


=x 


Cysteine 
(Cys, C) 


H 
НСА È _-CH,CH, 


—COOH 


H N= 


«Син» (y 


I 


Isoleucine 
(He, 1) 


X 
NA 


HC 5 


Y 
HN=C-=COOH 


mra 


x 


Proline 
(Pro, P) 


НС. н „сн; 


нума С-«соон 
H 


Valine 
(val, V) 


27.1 Amino Acids 


The genetic code is carried by groups of three nucleic acid units called codons. 
Sixty-four possible codons can be derived from triplet combinations of the four nucleic 
acids that constitute RNA, so a maximum of 64 amino acids could be specified, or en- 
coded, by nucleic acid sequences (the structures of the nucleic acids are discussed in 
Chapter 28). For a variety of reasons, however, the genetic code, as these correlations 
between codons and amino acids are known, is degenerate, meaning that more than 
one codon normally stands for the identity of each amino acid. As a result, only 20 
amino acids correlate with the codon combinations, and these are the ones given in 
Figure 27.1. 

Some proteins have amino acids other than the 20 associated with gene sequences. 
In most cases, these other structures are modified forms of one of the genetically coded 
amino acids. Reactions such as oxidation, carboxylation, or substitution serve to alter 
the original functional groups, and several of these modified amino acids are shown in 
Table 27.1. Because these reactions take place after translation, the amino acids are 
said to arise from post-translational modification. 

The o-amino acids that are incorporated into proteins by transcription and trans- 
lation generally have the L configuration. Some proteins in bacteria are made from D- 
amino acids. Recall that D and L refer to the absolute configuration of a molecule as its 
structure relates to that of either D- or L-glyceraldehyde (Section 4.2c). For amino 
acids, the use of D and L is valuable because these designations reflect the harmony 


Table 27.1 The structures of some amino acids made by post-translational 
modification. 


Amino acid Post-translational modification 


o coo H 


\ 


| H Formed by carboxylation of glutamic acid. 
fH EC OOR 


Found in thrombin, which is used to 
-g Н regulate blood clotting. 
NH, 


y-Carboxyglutamic acid 


H 
" i Formed by methyllation of lysine. 
(CH,),N— CH;CH;CH;CH;»- С «СООН Found in cytochrome c, a protein involved 
Н with the transfer of electrons. 
NH, 


€-N,N,N-Trimethyllysine 


OH H 
| ai Formed by oxidation of lysine. 
H;N—CH;— CHCH;CH;»- С «СООН Found in collagen, a protein that 
3 strengthens skin and bones. 
NH; 


5-Hydroxylysine (Hy!) 


HO 
Formed by oxidation of proline. 
Found in collagen. 


4-Hydroxyproline (Hyp) 
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among the molecules’ structures (i.e., the geometry of the a-carbon atom is the same 
in each). If you specify the stereochemistry using the designations (5) and (А), you will 
see that most of the L-amino acids have the (S) configuration. Cysteine, however, has 
the (R) configuration because the presence of sulfur raises the priority of the side 
chain above that of the carboxylic acid group. Notice that the arrangement of the 
groups is the same for cysteine as it is for the other amino acids. 


иң; (5) NH, 2G NH, (8) 
| 
C е К 
H ` “соон н ~ соон н “coon 
HC нс HAC 
N ES 
OH SH 
L-Alanine L-Serine L-Cysteine 


Glycine is the only achiral amino acid that is genetically coded; two of the amino 
acids have two chiral carbon atoms. 


Which of the genetically coded amino acids have two chiral centers? Assign the ab- 
solute configuration to each chiral carbon atom in those compounds, which are shown 
in Figure 27.1. 


————————————————— 


27.1b AN AMINO AcID EXISTS As A ZWITTERION AT NEUTRAL PH 


In many nonpolar organic solvents, an amino acid exists in its neutral, uncharged 
form. Thus we draw the structures as in Figure 27.1. In aqueous solution, however, an 
equilibrium exists between the neutral form and an ionized form known as a zwitlerion, 
which has two charged sites but is overall neutral. This form is created by an acid-base 
reaction between the acidic COOH and the basic МН» groups, and it is stabilized by the 
polar solvent. 


н н 
R= C-—COOH == к=-С-эсоо- 
їн, *NH, 
Neutral form Zwitterion (dipolar ion) 


: 

If the pH is lowered to a value of 1 or less, the zwitterion form will become proto- 

nated at the carboxylate site to generate the carboxylic acid. Note that the amine re- 

mains protonated, as expected for an amine at low pH values. On the other hand, at 

pH 12 or higher, the ammonium site of the zwitterion will be deprotonated to form the 
amino group. The carboxylate ion remains deprotonated. 


pH 1 pH 12 
н н н н 
i _ њо i H он- Н = 
Re-C-cO00- —7— ң»-С-=соон Re-C-—COO- 25 Re C-co0 
*NH; *NH; *NH; NH, 


| 
| 


27.1 Amino Acids 


When the side chain of an amino acid has a functional group that can also function 
as an acid or base, its ionization state will also be affected by the pH of the solution. To 
predict what its form will be, you can apply the Henderson—Hasselbalch equation (Eq. 
27.1) to calculate the degree of ionization of an acid in solution. In this equation, HA 
is the acid form of a group, and A” is its conjugate base form. 

[A7 
H = pK, + log ——— 27.1 
P psa Б [НА] (27.1) 


aM 
Using the pK, values for acidic groups in an amino acid, which are shown in Table 
27.2, you can calculate how much of the acid and base forms exist as a function of pH. 
Performing these calculations reveals the following qualitative results: 


* If the pK, value of a functional group is less than the pH of the solution, then 
the group exists primarily in its deprotonated (base) form. 

* If the pK, value of a functional group is greater than the pH of the solution, 
then the group exists primarily in its protonated (acid) form. 

* Ifthe pK, value ofa functional group is equal to the pH of the solution, then the 
acid and base forms exist in a 1:1 ratio. 


For example, histidine is found at many enzyme active sites (Section 25.42) be- 
cause it can exist both as acid and base forms near physiological pH values. The pK, 
value of the protonated imidazole ring is 6.0, which means that at pH 7, both imidazole 
(base) and imidazolium (acid) forms are present (see Exercise 27.22). 


Table 27.2 The pK, values for the protic groups in amino acids. 


, 


Amino pK, Value Side-chain structure Side-chain 
acid COOH Group | NH; Group (acid form) pK, value 
Ala 2.3 9.7 E 
Arg 22 9.0 — CH,CH,CH,NHC(—NHJNH, 12.5 
Asn 2.0 8.8 
Asp 2.1 9.8 —CH,COOH 3.9 
Cys 1.9 10.5 —CH,SH 84 
Glu 2.2 9.7 —CH,CH,COOH 4.3 
Сіп 2.2 9.2 + ^ 
Gly 23 9.6 Fg Y 
His 1.8 9.2 —CH Sy 6.0 
lle 2.4 * 97 H 
Leu 2.6 9.6 А 
Lys 2.2 9.0 — CH,CH,CH;CH,NH; 10.8 
Met 2.3 9.2 
Phe 2.2 9.2 
Pro 2.0 10.6 
Ser 2.2 9.2 
Thr 2.6 9.1 


Trp 2.4 9.4 
Tyr 2.2 9.1 —о—{ )-он 10.0 
Val 2.3 9.6 
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=== 


EXAMPLE 27.1 


Using the data in Table 27.2, draw the principal ionic form of cysteine that is expected 
to exist in solution at pH 8.2. ` 


The ionization states of the acidic and basic groups of an amino acid are affected by the 
PH of the solution in which the compound is dissolved. To determine the forms of 
these ionized states, draw the structure of the amino acid and identify the groups with 
acid-base forms: cysteine has СООН, МН», and SH groups, and the pK, values of their 
acid forms (from Table 27.2) are indicated in color. Even though this exercise asks for 
the form at pH 8.2, it is worthwhile to consider the ionization state of each group at ex- 
treme pH values (1 and 12) for comparison. 


pH1 pH 8.2 pH 12 
i | | 
+ K,=1.9 + 
HN, „с PS HN. „С __ HN, C 
re OH C 70 с “о 
а е * ^ а 
H снн Н CH,SH H CH,S~ 
рК, = 8.4 


Close to 1:1 ratio 
with the —CH,S~ form 


At pH 1, all of the ionizable groups are protonated. The carboxylic acid and thiol 
groups are neutral when protonated; the ammonium ion has a +1 charge. At pH 12, all 
of these groups are deprotonated. A deprotonated amino group is neutral, whereas the 
others are anions. 

At the intermediate value of pH 8.2, groups with pK, values < pH will be deproto- 
nated, and those with pK, values > pH will be protonated. Because the pK, value for the 
thiol group is close to pH 8.2, the thiol and thiolate forms will exist in a ratio that is 
nearly 1:1, with slightly more of the thiol form present. 


MAL 
By using the data in Table 27.2, draw the principal ionic form of the indicated amino 
acid that is expected to exist in solution at the given pH value. 


a. Histidine at pH 7 b. Aspartic acid at pH 5 c. Tyrosine at pH 8 
——————————— 


27.1c AMINO Acibs CAN ВЕ CLASSIFIED BY THE PROPERTIES 
OF THEIR SIDE CHAINS 


Side-chain ionization is important for those amino acids that have acidic or basic 
groups, but the accumulated properties of all of the side chains within a protein will in- 
fluence the apparently infinite number of structures that the protein can adopt. Many 
side-chain functional groups can form hydrogen bonds, even if they do not ionize. 
These hydrogen bonds can stabilize structures or orient substrates in the active site of 
an enzyme. Other groups are hydrophobic and fill interior spaces or exclude water 
molecules from the interior of a folded protein. Some classification categories are sum- 
marized in Table 27.3. 


27.2 Chemical Synthesis of Amino Acids 


Table 27.3 A classification scheme for amino acids 
according to their side-chain structures. 


Classification Amino acid 
——À——— 

Nonpolar Ala, Val, Пе, Leu 

Aromatic Phe, Trp, Tyr 

Cyclic Pro 

Acidic Arg, Glu 

Basic Arg, His, Lys 

Polar (neutral) Asn, Cys, Gln, Gly, Met, Ser, Thr 


—_—_—_—_—_—_—_— — —_———— 


The designations given Table 27.3 are meant to reflect the principal feature of 
each side chain. Some amino acids can be placed into more than one category. For ex- 
ample, histidine has a heterocycle (imidazole, Section 25.4а) in its side chain and thus 
could be designated "aromatic" as well as basic. Similarly, proline is nonpolar as well as 
cyclic, and the phenol group of tyrosine and the thiol group of cysteine are weak acids. 


EXERCISE 27.3 


The NH group in the indole ring of tryptophan can act as a hydrogen-bond donor but 
notas a hydrogen-bond acceptor (Section 2.8b), even though the nitrogen atom has an 
unshared electron pair. Why? (Hint: See Section 25.3). 


лт 


Proline is the only cyclic amino acid, and its NH group is a secondary amine, 
whereas the other 19 amino acids have primary amino groups. This feature has im- 
portant implications when proline forms a peptide bond because its nitrogen atom no 
longer has a proton attached, so it cannot be a hydrogen-bond donor (Section 2.8b). 


„EXERCISE 27.4 


Classify each of the following modified amino acids according to the categories shown 
in Table 27.3. List all that apply. 


a. 4Hydroxyproline b. 5-Hydroxylysine c. Allysine 
(Table 27.1) (Table 27.1) (Section 20.2b) 
LL 


27.2 CHEMICAL *SYNTHESIS OF AMINO ACIDS 


27.2a THE STRECKER REACTION PROVIDES A GENERAL ROUTE 
TO PREPARE AMINO Асірѕ 


The properties of the individual amino acids play a large part in defining the structures 
of the proteins into which they are incorporated. If you want to make proteins from 
their amino acid building blocks, you need a way to prepare these starting materials, 
Many amino acids are isolated as products from the hydrolysis of proteins, which lim- 
its the number of available substances to those shown in Figure 27.1, plus several other 
minor derivatives. 

If you want unnatural amino acids, then you must be able to make them from 
other substances. Examples of desirable analogues include amino acids with unusual 
side chains; those in which an atom is isotopically labeled with 13C, 15, and so on; 
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those that have atoms like boron in the framework; and D-isomers of the natural amino 
acids. 


н ] н н, 
CH,CH,CH,CH,= €=COO™ "CH,-C-9CO0- He-B-COOH — CH, C-9CoO- 
*NH; *NH *NH; н 
o-Butylglycine B-"?C-L-Alanine Boraglycine D-Alanine 


One general method for preparing amino acids is the Strecker reaction. It begins 
with an addition process in which an aldehyde group is converted to an o-amino nitrile 
with ammonium cyanide. The nitrile group is subsequently hydrolyzed to form the car- 
boxylic acid group. 


NH; *NH 
4 NH,* CN но 
R S > R f CN n > R f COOH 
H H H 


The mechanism of this transformation is straightforward and incorporates reac- 
tions with which you are already familiar. Ammonium cyanide exists in aqueous solu- 
tion in equilibrium with ammonia and hydrogen cyanide. In the first step, ammonia 
reacts with the aldehyde carbonyl group to form an imine (Section 20.1а). 


NH,* CN^ == NH, + HCN 


О, N—H 
4 ин, 4 
Rc Bs Re + H,0 
b a N 
H d H 


An imine is basic, so it reacts with HON by an acid-base reaction, which creates cyanide 
ion, a good nucleophile, and the amino carbocation, a good electrophile. These two 
species react to form an о-атіпо nitrile. As already noted above, the acid-catalyzed hy- 
drolysis of the nitrile group yields the carboxylic acid product, which is the amino acid. 


N—H č a Мн, NH, 
fF ntin +/ = | 
—c —— R—C-- + N -> R—C—CN 
\ Ө; \ G | 
H H H 


EXERCISE 27.5 


Draw the structure of the aldehyde you would use to prepare each of the following 
amino acids via the Strecker reaction. Do any of these aldehydes present a problem 
with regard to its stability or reactivity? 


a. Valine b. Serine с. Tyrosine 


27.2b Amino Асірѕ CAN BE PREPARED BY SUBSTITUTION REACTIONS 


Another common strategy for preparing amino acids makes use of nucleophilic sub- 
stitution reactions between nitrogen-containing nucleophiles and o-halo carboxylic 
acids. Ammonia is one nucleophile that can be used, although polyalkylation is an un- 
desirable side reaction (Section 6.3d). 
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COOH H p * 
"s Р TT ie £007 NH; 
к^ ^u R ^u 


The Gabriel reaction (Section 22.5c) provides a cleaner way to introduce the amino 
group because the nitrogen atom of the phthalimide ion can react with only 1 equiv of 
the o-halo carboxylic acid. 


о вс COOH DL. enin 
c 
Lye OR CR / wawa, TN COOH 
NOK Мсн EtOH, A А 
R R H 
о o 


The use of azide ion followed by hydrogenation (Section 11.2c) offers another alternative. 


v add 1. NaN, DMF HN, „COOH 


2. Ha, Pd/C 
к ^u 3 R ^u 


EXERCISE 27.6 


Show how you would prepare each of the following compounds by a route in which the 
amino group is introduced by a nucleophilic substitution procedure: 


a. Isoleucine b. £-Methoxyphenylalanine 


27.2c CHIRAL AMINO AciDs CAN BE OBTAINED 

BY RESOLUTION METHODS 
The methods described in Section 27.2b yield racemic products. To obtain an amino 
acidas a single enantiomer, the racemic material can be resolved. Most commonly, res- 
olution can be accomplished by making a salt with a chiral base, and then separating 
the diastereomeric salts by crystallization (Section 16.2a). 


These salts are separated by crystallization. 
—X A 


$ Га s 
R H H R / R H А H R 

» x N= ; : z 

X bs N A. " M. oo uf 
2N COOH + HN COOH "m H;N COO" HN—:- + HN COO" HN—'- 

—— Я 
(А) (5) . (А,В) А. (5,8) 
* „(chiral 
Enantiomers nitrogenous base) Diastereomeric salts 


The pure enantiomer is obtained by treating the purified salt with aqueous mineral 
acid and separating the amino acid from the protonated resolving agent. 


H R E H R 
ane Hive ES Ай de + cr Hi 
(SR) ^ (S) (R) > 


After crystallization 


Another way to obtain an enantiomerically pure amino acid is to carry out an en- 
zyme-catalyzed kinetic resolution (Section 16.3d). Amino acids and their derivatives are 
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natural substrates for many transformations that are catalyzed by enzymes. For exam- 
ple, carboxypeptidaseis an enzyme that catalyzes the cleavage ofan amide bond at the C- 
terminus of a protein. It therefore catalyzes the hydrolysis of the acetyl group from the 
acetamide derivative of an amino acid. The natural (5) isomer, unlike the (R) isomer, 
is converted to the amino acid by this enzyme. 


O R H O H R O R H H R 


pu L carboxypeptidase pu M. M. 


MN 
COOH + CH; № “соон CHS N COOH + H;N~ “соо- 


(R) (5) (В) (5) 


Enantiomers Different compounds 


The two products are readily separated because they have different chemical proper- 
ties. Other enzymes called lipases and hydratases behave in a similar way; the only 
drawback is that 50% of the material does not react, so it has to be converted to a us- 
able product by another method. 


27.3 ASYMMETRIC SYNTHESIS OF AMINO ACIDS 


27.3a ASYMMETRIC SYNTHESES CAN BE USED TO MAKE 
ENANTIOMERICALLY PURE AMINO ACIDS 

Resolution of enantiomeric amino acids might be practical in specific cases, but an 

asymmetric synthesis often provides enantiomerically pure material in fewer steps. Of 


the many general routes that have been devised, three common strategies are shown 
below: 


A RA My 
У соон) ч 
(NH) н (н.м) H 
2 S 
В 2? (COOH) chiral catalyst E (COOH) 
(HN) H РА 
ў RCH;* 
с - 
ы 


These equations represent formal reactions, illustrating generalized starting materials 
and reagents. Parentheses in these formal reactions indicate functional groups that are 
protected. Protected derivatives are often preferable for the synthesis of amino acids 
because the same protecting groups are needed to make peptides. The protecting 
groups can always be removed if the amino acid itself is desired. 

Routes A and C in the preceding scheme make use of a chiral auxiliary, which is a 
covalently bound fragment that directs the reaction so that one diastereomer is pro- 


duced preferentially. After the chiral center is established, the auxiliary is removed in 
a subsequent step, giving the pure enantiomeric product. In the best cases, the chiral 
auxiliary is recovered and recycled, minimizing waste. Route B (above) uses a chiral cat- 
alyst to induce enantioselectivity. Catalyzed reactions are preferable for asymmetric 
syntheses because extra steps are not required to remove a chiral auxiliary, 
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27.3b PROTECTING GROUPS ARE OFTEN USED FOR REACTIONS 
OF AMINO ACIDS 

Many of the functional groups in amino acids either react with each other or are in- 
compatible with reagents that are used in their syntheses, so protecting groups are rou- 
tinely used (Section 15.5b). The classic protecting groups for the amino function are 
the tertbutyloxycarbonyl (Boc) moiety and the benzyloxycarbonyl (Cbz) unit. These 
groups are incorporated by reaction of the corresponding anhydride or acid chloride 
derivative, respectively. 


Boc protecting group 


о о о k 
RNH, 
LAAK —À— RAG + CO, + t-BuOH 


Boc group 


Cbz group 


Deprotection of these derivatives is also straightforward, a required feature of a 
good protecting group. Trifluoroacetic acid readily removes the Boc group by proto- 
nating the carbonyl oxygen atom. The intermediate cation undergoes dissociation, 
generating the stabilized tert-butyl carbocation and the unstable carbamic acid. 


qh i ен 
" | | „СН; соон М l < > & сһсоо- 
“моон, CH;Cl; "N^ Хо cH, 
H © H 
жон сњ OH CH; 
S lese {г = sh l m А 
Км о>” “cH, © ЕК “о ње CH 
H 


A carbamic acid 
(unstable) 


The tertbutyl cation loses a proton from one of its methyl groups to form isobutylene 


gm q 
- H 
c + ССОО —— Ax + CRCOO 
ne енн, ч” нс“ “н, 
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The carbamic acid loses carbon dioxide (Section 22.5b) to form the amine. The amine 
is readily purified because both byproducts—isobutylene and carbon dioxide—are gases. 


i 
R СУН —— —À  R—NH, + CO, 
H о он 
pud + 0—C 
Ys, CF, 


Removal of the Cbz group is also facile. Hydrogenolysis (Section 12.2a) cleaves the 
benzyl group, producing toluene. Again, the unstable carbamic acid loses carbon diox- 
ide to form the amine. 


о о 
R ,Pdc R 
ой A. EA + HC 
H НОН H 
© 
ї 
С Н ———э 2RNH, + 20, 
H NHR 
NX 
о 
O 


Other protecting groups are also available for amines, and some are removed 
under milder conditions than the ones shown here. 

The carboxylic acid group is often protected as its ester. A tert-butyl ester is cleaved 
with acid, a benzyl ester can be removed by hydrogenolysis, and a methyl ester is hy- 
drolyzed under basic conditions with LiOH in aqueous THF. 


Propose a mechanism for the following reaction, deprotection of a tert-butyl ester using 
CF;COOH: 


CF,COOH | 
Gud 7 ресор + НС: 


ll 
С _C(CH;) 
ко?” он 


Most of the time, it is desirable to protect the amino and carboxylic acid groups 
with groups that are removable under different conditions. For example, the tert-butyl 
ester and the Boc group are not used in the same compound because they are both 
cleaved with CFSCOOH. You should also realize that any functional group in the side 
chain of an amino acid will likely need protection too. Protection and deprotection of 
those groups have to be compatible with the other functional groups in the molecule. 
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27.3c AMINO AcIDS CAN BE PREPARED FROM THE REACTION BETWEEN 
THE GLYCINE ENOLATE ION AND AN ALKYLATING AGENT 


One strategy for making an amino acid that uses a chiral auxiliary starts with an enan- 
tiopure amino alcohol having the diphenylethane skeleton. Treating bromoacetic acid 
with (1А, 25)-1,2-diphenyl-2-aminoethanol yields a six-membered ring heterocycle. The 
amino group displaces the bromide ion, and then the acid and alcohol groups react to 
form the ester linkage (a lactone). The nitrogen atom of this heterocycle can be pro- 
tected as its Boc derivative in the usual way. 


Ph Ph Ph Ph 
Ph Ph 3—6. el 
Br—CH,—COOH H H (Boc),0 Н 5—6 H 
thei RR 2 
H H HN O рон 50 Be—N 0 
HN Он 
о о 


When this heterocycle is treated with LDA in THF at 78°С, an enolate ion is gen- 
erated. This species corresponds to the enolate form of a protected glycine derivative. 


Ph Ph Ph Ph 
He E те Hl m H | 
Boc—N [е] Boc—N [e] + HN(iPr); 
© = 
H SE Bias Aa ate 
H Oo H QU Li 


As a consequence of steric effects, this enolate ion undergoes alkylation from un- 
derneath the ring, effectively producing one stereoisomer. 


The benzylic C-N and C-O bonds in this alkylated species are then cleaved using 
lithium in liquid ammonia or by hydrogenolysis. 


Ph Ph 


H 
нн Boc—N OH Ph Ph 
шын; 
Boc-N О он? ut + н5— 6н 
s о H H 
WR О 


The products are the enantiomerically pure Boc-protected amino acid and diphenyl- 
ethane. The chiral auxiliary is destroyed in this last step, so it cannot be reused. 

A limitation of this method is that only reactive alkylating agents can be used, so R’ 
in the above equations must be methyl, allylic, benzylic, or СОСН». The alkylated 
heterocycle can be alkylated on the bottom face a second time using methyl iodide, 
and this procedure is an effective way to make o-methyl amino acids. 


Ph Ph Ph Ph H 
A L.u тра, - 78°C A Z. E 
н-у—{зн rU Hoa p ste Boc—N Он 
— 2 — — — 
Boc—N О од зас? ВОС EtOH Rh 
T 4. сну Re CH, О 


Н” ғ 
н О CH, О 
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is 
Using the reactions just presented, show how you would prepare the following amino 
acids with the illustrated stereochemistry: 


a. " b. C. а-Меїһу! L-aspartic acid 
H3N 


А 
ЊМ coo- 


кй Я 
H с» ow n den 


27.3d HOMOGENEOUS CATALYSTS PROMOTE 
ENANTIOSELECTIVE HYDROGENATION 


William S. Knowles was one of the first chemists to investigate enantioselective hydro- 
genation reactions (Section 16.4b), discovering along the way a useful method to pre- 
pare L-DOPA, an amino acid used in the treatment of Parkinson's disease. 

More recent work from the laboratories at the DuPont Company uncovered a new 
class of catalysts for enantioselective reduction reactions that work even better than 
Knowles’s catalysts. These so-called *DuPHOS" ligands are used to make rhodium com- 
plexes that also have a 1,5-cyclooctadiene (cod) group bonded to the Rh(I) ion: The т. 
bonds of the diene bind to two coordination positions of the metal ion. 


R 
~) MeDuPHOS R = CH,— 


M 
CX R EtDuPHOS R = CH,CH,— 
p PrDuPHOS R = CH,CH,CH,— 
rR“ 


“OTF 


ee 
Iggy, R hw" 
Р “ч 


[Rh(DuPHOS*)cod](OTf) 


(The other groups attached to the phosphorus 
atoms have been omitted for clarity.) 


In methanol solution, the cod group is replaced from Rh (DuPHOS*) (cod)* by two 
molecules of methanol, producing Rh(DuPHOS*) (СНЗОН) з*, which is highly reactive 
toward alkenes having other functional groups. Esters of 2-(acetamido)acrylic acid, 
which are known as enamides, undergo hydrogenation to form protected amino acids, 
often with > 99% ee. 


соосн, н oor 
RL a IRhpuPHOS*Kcod)KOT) . R^. © 
IRh(DuPHOS*)cod)KOTü —. 
^c ^ NHAc н, CHOH Ус“ ^-NHAc 
| не} 
' R 
(R' = Н, alkyl, aryl) 
An enamide An amino acid 


(protected form) 


— чдшде-ч 


нанушад 
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Boc-protected enamides are also good substrates, and most other substituents do 
not interfere with the hydrogenation reaction. Even substituents on the B-carbon atom 
have little effect, a problem that affected earlier catalysts. For example, 


MOOCH, [Rh(PrDuPHOS*)cod)KOTÓ _, соон; {65% её) 
= Hy CHOH H "ее 


NHBoc NHBoc 
COOCH, COOCH; 
Br = [Rh(PrDuPHOS*)(cod) (OTA) Pr уН 
NHBoc Н, CH,OH > — NHBoc (>99% ee) 
\ / 
COOCH; COOCH; 
== [Rh(PrDUPHOS*)(cod) (OTF) уН 
== МНВос Н, CH;OH > NHBoc (>99% ее) 
ENS Ne 


EXERCISE 27.10 


The DuPHOS catalysts can be used to hydrogenate related substrates also. What is the 
major product expected from each of the following transformations? 


a. b. 


COOCH; COOCH; 
[Rh(EtDuPHOS*)(cod))(OTf) [Rh(PrDuPHOS*)(cod)I(OTf) 
Н», CHOH Hz, CH,OH 
OAc Ph NHBoc 


27.4 PEPTIDE SYNTHESIS AND ANALYSIS 


27.4a A PEPTIDE BOND IS AN AMIDE FUNCTIONAL GROUP 


We now turn our attention to the chemical synthesis of polypeptides and proteins from 
the amino acids. First, recall that polyamides can be made from amino acids by self- 
condensation (Section 26.8c). This process, which is used to prepare nylon 6, pro- 
ceeds with the concomitant removal of water and formation of an amide bond between 
the carboxyl and amino groups of each molecule. 


COOH 
н. ТУТТУ ту; 


Nylon 6 


The condensation reaction between o-amino acids has an additional limitation, 
however. Besides forming polymers, o-amino acids can form dimeric compounds, 
namely the six-membered ring diketopiperazines. As a result of this ring-forming reac- 
tion, polymer formation is actually quite difficult for the o-amino acids. 
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C+ A polyamide 


A diketopiperazine 


When making a protein from o-amino acids, you face another constraint: It mat- 
ters what sequence the amino acids have in the product. To accomplish control of which 
amino acids are linked together, a reactive acid derivative must be formed—it is not 
enough simply to remove water to make amide linkages. Acid chlorides are commonly 
used to make amides in the laboratory (Section 21.3a), but amino acids are often sen- 
sitive to acids, so thionyl chloride is not a very useful reagent for this purpose because 
HCI is a product of the reactions between ЗОСІ» and carboxylic acids. Protecting 
groups for the functional groups and the use of mild coupling methods are required 
for making peptides. 


27.4b A PEPTIDE BOND IS PREPARED BY THE COUPLING 
REACTION BETWEEN PROTECTED AMINO ACIDS 

The stepwise coupling of amino acids to form polypeptides and proteins (Section 5.5b) 
can be carried out in the laboratory using a procedure that brings an amino group to- 
gether with an activated carboxylic acid derivative. The result is an iterative process that 
depends only on how many amino acids are to be linked. The preparation of a dipep- 
tide—the coupling of two amino acids (Section 5.5b)—can be represented by the fol- 
lowing three-step scheme. 


-— id 
[] њм a) coon. Uae HAN (58) coon 


The carboxylic acid group of an amino acid is protected. 


o 
i ctivate acid \ 
HaN—(2a,)—COOH Prete amine BocNH соон eand; восин—(а}—с—х 


The amino group of a second amino acid is protected; then an activated carboxylic acid derivative is made. 


Ї Ї 
| 
BocNH—(aa,)-C—X + HAN (sa) cooR — BocNH—{(aa,)—C—NH—(aa,)-COOR 


The two components are mixed, and the peptide bond is formed. 


When another amino acid is to be added to the amino end of this dipeptide to 
form a tripeptide, then deprotection of the dipeptide’s amino group is performed, and 
a second coupling step is carried out. 
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ў | 
а 
[4] восмн—(ва}—с—нн—{а}—соовн I апте H.N—(@a3)-C—NH—(2a))-coor 


The protecting group on the amine function is removed. 


o о 
[5] rO: X + HN l NH—(aa))-coor —————À 


Another amine-protected, carboxylic acid-activated amino acid is added... 


1 ї 
BocNH OR: NH ә) С мн-(а;) соок 


„сапа a second peptide bond is formed. 


This application of deprotection and coupling (Steps 4 and 5, above) can be repeated 
as many times as you desire to construct longer and longer polypeptides. It is important 
to realize that side-chain groups may also require protection so that they will not react 
with the activated acid derivative. 

By convention, a peptide sequence is written as a string of the one- or three-letter 
abbreviations for the constituent amino acids (see Example 5.8). The first amino acid 
in a sequence (reading from left to right) is the N-terminus (so it has the amino group, 
HN), and the last one defines the C-terminus (COOH group). In between, amide 
groups link the amino acids together. 

Let us now look at the details of the reactions needed to prepare the dipeptide Ser- 
Ala, which has the following structure: 


HN 
H CHOH О 


Alanine, which will be the C-terminus, is protected as its methyl ester. Its side chain 
needs no protecting group. The hydroxide ion in the second step of the following 
scheme removes HCI to make certain the amino group is not protonated: 


о о 
H-N 1. CHOH, HCI HN 
a OH Tor "a 
H*CH, H CH; 
L-Alanine 


Serine, which will be the N-terminus, is protected at its amino group with the Boc 
group; the alcohol group in the side chain is converted to its benzyl ether derivative 
using an Sy? reaction (the Williamson ether synthesis—Section 7.2b). 


[9] [9] о 
HN t-Boc),0 Boc—NH 1. NaH, DMF Boc—NH 
i € OH == i * o 2 ы Вг › Е он 
А Я З la * 
H CHOH H CHOH 3. H,O* H CH;O—CH;Ph 


L-Serine 
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With the two building blocks in their protected forms, peptide bond formation can 
be carried out: The mixture of the two components is treated with dicyclohexylcar- 
bodiimide (DCC). 


о 
5 б о сын 
Boc—NH нй pec. Boc—NH Сз UC OCH 
- т он + “Сосн, 2 "ah С? 
Н ‘cH,O—CH,Ph d сн, Hc" |] 
OCH,Ph 


DCC, or any carbodiimide, reacts with carboxylic acids to form derivatives that are 
similar in structure to anhydrides (Section 21.3b). 


1 i 
=ч + 

MT LT. + R—-N=C=N—R 5 5 BocNH.. fee $ R—N=C=N—R 

/* | hh 

H CH,OCH;Ph A carbodiimide H — CH,OCH;Ph 

оү 
vo REN 

BocNH~ Hoe + “сема — а 8 
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This acyl-activated intermediate then reacts with the amino group of alanine 
methyl ester to generate the peptide bond via an addition-elimination reaction: The 
amino group adds to the carbonyl group to form a tetrahedral intermediate, and re- 
generation of the carbonyl group displaces dicyclohexylurea (DCU) as a leaving group. 
The conditions are mild, the yield is high, and the reactants can all be combined at the 
same time in the reaction flask. 
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Once the peptide bond has been formed, the product must be deprotected. The 
three groups are differentially protected, so any one of them can be removed selec- 
tively. Removing the Boc group unveils the amino group, which can be used if another 
amino acid were to be attached. Removing all three protecting groups yields the 
dipeptide. 
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ee aaam 
| EXERCISE 27.11 

Show how you would prepare the tripeptide Phe-Ser-Ala starting with the fully pro- 
tected dipeptide in the preceding sheme and a suitably protected derivative of pheny- 
lalanine. 


а 


27.4c PEPTIDE SYNTHESIS HAS BEEN AUTOMATED 


The general strategy for the synthesis of a polypeptide from protected amino acids con- 
sists primarily of alternating coupling and deprotection steps, so automated methods 
for preparing polypeptides have evolved during the past 30 years. The technique 
known as solid-phase peptide synthesis earned R. Bruce Merrifield the 1986 Nobel Prize in 
chemistry for his pioneering work to make automated peptide synthesis a reality. 

A protected amino acid is attached to chloromethylated cps (Section 26.4b) using 
nucleophilic substitution of the chloride ion by the carboxylate ion. 


кон 
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After this first amino acid is attached, it is deprotected by treatment with trifluo- 
roacetic acid. 
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Ў CF,COOH Ne 
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Next, a second amino acid is added, along with DCC. The amide bond forms just as it 
did in solution, except that the dipeptide is attached to the insoluble resin. Dicyclo- 
hexylurea is removed by washing. 
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Deprotection and condensation with a third amino acid produces a tripeptide, and 
these cycles of deprotection and coupling can be repeated until the polypeptide 
reaches the desired length. 
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When all of the amino acids have been coupled, the benzylic ester that exists be- 
tween the polystyrene and the polypeptide is hydrolyzed by treatment with HF. The 
polypeptide, which is soluble, is then purified by the normal methods. 


Go OO i o—cps “> HN (аа, (в,а) o COH 


Peptide-synthesizing instruments work by injecting one reagent into the reaction 
vessel that contains фе polymer, followed by shaking of the mixture for a qd 
amount of time. The reaction vessel has a fritted glass disk that permits the solvents ап 
reagents to be drained away from the insoluble polystyrene beads. Clean solvent is = 
jected to ensure that any excess reagent is dissolved, and that solution is also шү. 
from the polymer. The alternating processes of injecting reagents, amino acids, and s 
vents continues until the polypeptide is of the specified length and sequence. Te 

Although most synthetic polypeptides are made by this automated process, t = : 
is a significant limitation to performing reactions on an insoluble substrate. a оис 
pling procedure does not occur completely, then some of the growing chains AE 
the wrong sequence when the next amino acid is attached. This problem 7 at 
more pronounced as the polypeptide becomes longer. Much work has been im d 
optimize the efficiency of the reactions, and their yields now routinely approac 
than 99%. 
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27.4d THe Amino ACID SEQUENCE OF A PROTEIN CAN BE DEDUCED 
BY A SERIES OF REACTIONS CALLED THE EDMAN DEGRADATION 


The laboratory preparation of polypeptides and proteins has become routine enough 
that essentially any conceivable product can be made. Once isolated, however, the pro- 
tein must be characterized to ensure that its structure is correct. The sequence of the 
amino acids in a protein is called its primary structure, and it is important because of 
its relationship to the folded protein's overall conformation. Frequently, a protein folds 
50 as to place hydrophobic residues in the interior and hydrophilic groups on the ex- 
terior where they can interact with an aqueous environment. 

Complete hydrolysis of a protein will reveal how many molecules of each amino 
acid are present. Acidic conditions lead to hydrolysis of the side-chain amide groups of 
glutamine and asparagine as well, so the presence of Gin and Asn residues cannot be 
determined for a native protein by the complete hydrolysis technique. Furthermore, 
Trp also decomposes in acid. 

To determine the sequence of the amino acids in a particular protein, one needs 
to use reactions that are more selective than hydrolysis. One common method is the 
Edman degradation, which sequentially removes one amino acid at a time from the N- 
terminus of the polypeptide. The Edman reagent is phenylisothiocyanate, which un- 
dergoes addition with the amino group at the N-terminus. 
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In аѕесопа operation, anhydrous HF is added, which protonates the carbonyl oxy- 
gen atom and activates the carbonyl carbon atom for reaction with the nucleophilic sul- 
fur atom of the thiourea group. 
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Regeneration of the carbonyl group in the next step eliminates the N-terminus of a 
new polypeptide that has one less residue. 


R, H HF R, H 
Td N 1 ex uv, 4 
Е \ : 
l | ^K ~ + F l с=о + ^7 ч 
PhHN^ S d Re PhNH~ ~S s R 


941 


—————— LLL oN—À 'Á——————————————————————— 


342 


CHAPTER 27 Amino Acids, Peptides, and Protein 


The heterocycle produced in Step 5 is subsequently extracted into aqueous acid, 
where it rearranges to the N-phenylthiohydantoin, shown below. The identity of the 
amino acid at the N-terminus is deduced by comparing the N'phenylthiohydantoin that 
has been produced with known samples prepared from the common amino acids. 


NU AH 
c 2c 
N7 но? М 5 
|| ‘=o zx | Fo) 
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EXERCISE 27.12 


Propose a mechanism for the rearrangement reaction shown directly above. 


Once the polypeptide has been shortened by one residue, a second reaction can 
take place because a new amino group is present to react with the reagent, so the pro- 
cedure can be repeated. Analysis of the specific N-phenylthiohydantoin molecules pro- 
duced with each round of Edman degradation equals the sequence of the protein. As 
you might expect, this method has been automated. 

If the rate of reaction between each amino acid and phenylisothiocyanate were the 
same, then sequencing would be highly accurate. Because the amide bonds between 
different amino acids react at different rates, however, the proteins in the reaction mix- 
ture can have different lengths after several rounds of the Edman reaction. Asa result, 
the practicality of the Edman process is limited to proteins with 25-50 residues. For 
large proteins, sequencing is performed on fragments that are formed by cleaving the 
parent protein with enzymes. 


EXERCISE 27.13 


A polypeptide is injected into an amino acid analyzer that operates by sequential 
Edman reactions. The major products detected in order (r, = nth round) have the fol- 
lowing structures. What is the sequence of the first four residues at the N-terminus of 
the polypeptide? 
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27.5 PROTEIN STRUCTURES 


27.5a Peptipe Bonps Display RESTRICTED ROTATION 


Before looking at the higher orders of protein structure, consider the properties of the 
peptide bond that connects the amino acids. You might ask why Nature chose the 
amide group as the backbone of proteins—why not an ester or ether functional group: 
for example? The stability of each type of bond is a consideration. An amide is the least 
reactive of the carboxylic acid derivatives, yet it can be hydrolyzed readily by proteolytic 


27.5 Protein Structures 


enzymes that are able to stabilize the tetrahedral intermediate (Section 21.5b). Esters 
are too easily hydrolyzed and ethers are too unreactive to be readily metabolized. 

Another feature of the amide group, which is crucial to the definition and main- 
tenance of protein structures, is its geometry. While many conformations can exist for 
an amide group, the carbon-nitrogen bond has partial double-bond character. 


Restricted rotation because of 
partial double-bond character 


R б Кеу: 
ПЕШЕР. ЕУ, | 
NS т} -Free rotation around the bond axis 
R R" 


As a result, six of the atoms lie in the same plane. The carbon-nitrogen bond length of 


an amide is ~ 1.32 A, which lies between that of a carbon-nitrogen single (1.47 A) and 
double (1.28 A) bond. 


х A 
pen, SETA 


The geometric constraint imposed by the presence of а partial double bond can be 
demonstrated by !H NMR spectroscopy for a simple compound such as DMF (Fig, 
27.2). The restricted rotation about the C-N bond makes the methyl groups non- 
equivalent—one is cis to the oxygen atom, and one is trans. The methyl groups expe- 
rience different magnetic fields as a result, so they display different chemical shifts. 


(3) (3) 
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Figure 27.2 
The 300-MHz ІН NMR 
spectrum of DMF showing the 


two signals for the 
nonequivalent methyl groups 
at § ~2.8. 
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Ina protein, the restricted rotation of the amide bonds influences the ways that the 
polypeptide backbone can fold upon itself. In turn, this overall conformation has a di- 
rect influence on a protein's function in biological systems. Proteins are not rigid sub- 
stances, however. The presence of single bonds between the carbonyl carbon atom and 
its alpha-carbon atom and between the nitrogen atom and its alpha-carbon atom means 
that many conformations are accessible in proteins. One exception occurs when the 
protein sequence contains proline, the only genetically coded amino acid that is cyclic. 
The protein’s conformation is constrained by the five-membered ring linking the 
amino group with the alpha-carbon atom. This rigidity in proline’s structure is an im- 
portant reason so many proline residues are found in collagen (Section 20.2b), a pro- 
tein that contributes to the strength and durability of skin and bones. 


The structure of a proline residue in the middle of a 
protein, showing the rigid, planar arrangement of atoms. 


27.5b SECONDARY AND TERTIARY STRUCTURES INFLUENCE THE OVERALL 
THREE-DIMENSIONAL FORM OF A PROTEIN 


The sequence of amino acids in a protein defines its primary structure. The secondary 
structure of a protein refers to the regular conformations within the polypeptide back- 
bone. The most common secondary structural elements are the orhelix and the B- 
sheet. Both are stabilized by formation of hydrogen bonds between the carbonyl 
oxygen atom of one amino acid and the amide N-H of another amino acid that is not 
adjacent in the sequence. | ў 

For the o-helix, hydrogen bonds form between residues that are separated by three 
intervening amino acids, as illustrated in Figure 27.3. The o-helix is right handed, 
being composed of L-amino acids, and its formation, although stabilized by hydrogen 
bonds, probably results from folding to optimize attractive dispersion forces (Section 
2.8a) among the various side chains by removing them from the aqueous env Rak 
ment. Once the hydrophobic groups are placed within the protein’s interior away from 
water, many of the amide groups are displaced from the aqueous milieu as “а 
highly polar nature warrants the formation of hydrogen-bond interactions, and these 
interactions are satisfied by the establishment of the o-helix. T "m 

A Bsheet is formed between separated segments within the interior of a protein. 5 
like the o-helix, there is no regular spacing of residues that dictates the formation A 1 
B-sheet. Instead, the protein chains in these regions exist as extended pe: c i 
B-strands; when these strands are aligned with neighboring ones, they form hy: E 
bonds that define the sheet structures. Figure 27.4 illustrates how adjacent strands o: 
polypeptide within a B-sheet are stabilized by hydrogen bonds. 


a À—MÁ ÀÀ 
EXERCISE 27.14 


Draw a portion of an antiparallel B-sheet and show the hydrogen bonds. 


—— 
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Figure 27.3 


A model of a right-handed o-helix, showing (а) the positions of the a-carbon atoms of each 
amino acid; (b) the carbon and nitrogen atoms of the backbone; and (c) the erttire helix. 
Hydrogen bonds in (c) are shown as dotted lines. 


А B-turn is another element of secondary structure, and B-turns are found at places 
where a polypeptide strand folds back on itself to form a B-sheet. This feature, also 
called a reverse turn, is illustrated in Figure 27.5, which shows the hydrogen bonds that 
stabilize this assembly of four amino acids. 

Secondary structures can be disrupted by outside influences that break the stabi- 
lizing hydrogen bonds. This process, called denaturation, leads to formation of a ran- 
dom coil conformation, which has no defined secondary structure. Denaturation is 


Figure 27.4 


The structure of a B-sheet between two different strands of a polypeptide. This structure is a 
parallel B-sheet because the sequences run in the same direction. Antiparallel B-shects also exist. 
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Figure 27.5 
The structure of a [-turn. 


Predominantly a-helix 


Cytochrome с? Azurin 


CHAPTER 27 Amino Acids, Peptides, and Protein 


valuable for sequencing work, when the polypeptide chain needs to be completely ex- 
posed to reagents in solution. The side chains of amino acids can disrupt secondary 
structures as well, if they can form strong hydrogen bonds that break the ones stabiliz- 
ing an ochelix or a B-sheet. | 

Ribbon diagrams provide a particularly convenient way to represent the features of 
secondary structure. Where chains are linked and spread out, these are the flat ribbons 
that represent B-sheets. The ochelix is represented by a coil of the backbone. Figure 
27.6 illustrates several protein structures using ribbon diagrams and shows that some 
proteins have no sheet structure, only helical domains. Others are just the opposite. 

The tertiary structure of a protein is its overall shape, created by folding of the sec- 
ondary structure onto itself as shown for the three proteins in Figure 27.6. Common 
terms used to refer to this level of structure are globular—for example, myoglobin (Fig. 
5.6)—or fibrous—collagen (Fig. 20.2). 


Staphylococcal nuclease 
(pTp complex) 


Mixed a-helix and B-sheet 


Predominantly B-sheet 


Figure 27.6 : | : 
Ribbon diagrams for some proteins, showing o-helix, f-sheet, and random coil regions. 


Proteins composed of several polypetide chains, which are subunits, can also have 
a quaternery structure. Hemoglobin is the classic example of a multisubunit protein, 

isting of two pairs of identical chains. 
e folded, proteins can be stabilized by the formation of covalent bonds be- 
tween amino acids. For example, imine bonds are used to cross-link collagen chains 
(Section 20.2b). A covalent interaction that commonly links regions within the same 
polypeptide chain is the disulfide bond, formed between two thiol groups from cys- 
teine residues. A disulfide is formed by oxidation of the SH groups. 


R—sH > R—s—s—R 


The sequence of amino acids in insulin, shown schematically in Figure 27.7, isa ы 
dard example of a protein stabilized by disulfide bonds because it has both intracha: 
and interchain links. 


1 
i 
3 
g 
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Figure 27.7 

The primary structure of 
insulin, showing the 
interchain and intrachain 
disulfide bonds as dark 
lines. The A and B chains 
are held together by two 
disulfide bonds, and the 
A chain conformation is 
stabilized by a single 
disulfide bond, 


Section 27.1 Amino acids 
* The œamino acids are the building blocks of proteins. 


* Twenty of the amino acids found in proteins are encoded by DNA sequences. 
Other amino acids are formed after a protein has been synthesized in the cell. 


* An amino acid generally exists in aqueous solution as a zwitterion, which results 
from an acid-base reaction between its carboxylic acid and amino groups. 


* The ratio of an acid to its conjugate base for a functional group in the side chain 
ofan O-amino acid can be calculated from the Henderson-Hasselbalch equation. 


* The amino acids in proteins can be classified by the properties of their side 
chains. Classifications include: nonpolar, aromatic, cyclic, acidic, basic, and polar. 


Section 27.2 Chemical synthesis of amino acids 


* Two general methods used to prepare racemic o-amino acids are the Strecker re- 
action, which takes place between ammonium cyanide and an aldehyde, and 
substitution of an o-halo carboxylic acid with a nitrogen-containing nucleophile. 


° Enantiomerically pure o-amino acids are obtained by resolution of racemic mix- 
tures via formation of diastereomeric salts or by asymmetric synthesis. 


Section 27.3. Asymmetric synthesis of amino acids 
* Glycine enolates and enantioselective hydrogenation of enamides are two 
routes that can be used in the asymmetric syntheses of camino acids. 
* Protecting groups are commonly used in reactions of &-amino acids. 


* The Boc or Cbz groups are useful amine protecting groups; a carboxylic acid 
group in an amino acid is frequently protected as its ester. 


Section 27.4 Peptide synthesis and analysis 


* Polypeptide synthesis is an iterative procedure that couples two amino acids in 
their protected forms. Dicyclohexylcarbodiimide, DCG, is a commonly used 
reagent to form the amide functional group that defines the peptide bond. 


CHAPTER SUMMARY 
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* Peptide synthesis has been automated with use of insoluble polymeric resins to 
which an amino acid and, subsequently, a growing polypeptide chain is at- 
tached. This technique is called solid-phase peptide synthesis. 


Section 27.5 Protein structures 

* The primary structure of a protein is its amino acid sequence, which is readily 
determined by the Edman degradation, a reaction scheme that removes one 
amino acid at a time from the N-terminus of a polypeptide. 

* Proteins also display secondary and tertiary structure, which constitute localized 
conformations and the overall shape, respectively. 

* Secondary structures result in part from restricted rotation around peptide 
bonds because of partial double-bond character in an amide group. 


* The common types of secondary structure are the o-helix, B-sheet, and B-turn. 


* After a protein folds into its natural shape, secondary structural motifs are sta- 
bilized by formation of hydrogen bonds, which take the place of the hydrogen 
bonds that an amide functional group would form with water molecules in the 
absence of folding. 

* Aprotein can be unfolded by certain reagents, a process called denaturation. 


* Proteins that have multiple subunits can also have quaternary structure, which 
refers to the interaction between different subunits. 


* The tertiary structure of some proteins can be stabilized by the covalent bonds 
of imine or disulfide functional groups. 


—_—_ er — 


KEY TERMS 


Section 27.1a Section 27.3a Section 27.5b 
Q-amino acids chiral auxiliary secondary structure 
codon a-helix 
genetic code Section 27.4d B-sheet 
primary structure B-turn 
Section 27.1b Edman degradation denaturation 
Henderson-Hasselbalch random coil conformation 
equation ribbon diagram 
tertiary structure 
Section 27.2a quaternary structure 


Strecker reaction 


————————————— ——— 


REACTION SUMMARY 
Section 27.2a 


The Strecker reaction: An aldehyde reacts with ammonium cyanide via an imine inter- 
mediate to form an amino nitrile. The nitrile group is hydrolyzed to form a carboxylic 


acid. 


[9] 
| NH,CN idt d 
Pas = но 
H RH 
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Section 27.2b 


Amino acids can be prepared by methods involving substitution of a halide ion by a ni- 
trogen-containing nucleophile. 


Bn СОО p id 

X Н: вај HN, COO" NH, Br, „COOH 1. ма, pue HN, „COOH 
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The Gabriel reaction involves substitution of a halide ion by phthalimide ion followed 
by removal of phthaloyl group. 


B COOH 


r, 

ba 1. potassium phthalimide HM, OOH 
РА 2. МН,МН,, A c 
R S ANH, к ^u 


Section 27.3b 


Protection and deprotection of amino 


groups: Boc and cbz are common protecting 
groups for amino acids. 


Boc: 
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Section 27.3с 


The enantioselective synthesis of amino acids can be accomplished by alkylation of a 
chiral glycine enolate ion equivalent. 
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Boc—N b LDA, THR -78°C V 
2. RX VEN 
3. Li, NH;, EtOH R H 


о 


950 CHAPTER 27 Amino Acids, Peptides, and Protein 


Section 27.3d 


The enantioselective synthesis of amino acids can be carried out by hydrogenation of 
enamides with use of a chiral catalyst. 


H 
К N COOCH 
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Section 27.4b | ш 
Peptides are prepared by coupling reactions between protected amino acid derivatives. 
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Section 27.4d 


The Edman degradation: The sequence of amino acids in a polypeptide is determined 
by a series of reactions between the polypeptide and phenylisothiocyanate. 
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ADDITIONAL EXERCISES | | | 
27.15. Without looking at Figure 27.1, indicate the identity of X in the following gen- 
eral structure of the following common amino acids. 


a. Glutamic acid b. Serine 

c. Cysteine d. Aspartic acid j 

e. Asparagine f. Phenylalanine X NE T SOAR 
g. Alanine h. Leucine NH, 

i. Tryptophan j Tyrosine 


27.16. Repeat Exercise 27.15 for the following names and general structure: 
a. Glutamic acid " 
b. Glutamine X— CH,—CH;—C—COOH 
c. Methionine NH, 


MU e xq 


1 
ў 

t 
E 
x 


Additional Exercises 


27.17. Repeat Exercise 27.15 for the following names and general structure: 
a. Threonine X н 
: | | 
b. Valine CH,—CH —C—COOH 


c. Isoleucine NH, 


27.18. Draw the structures expected to predominate for each of the following amino 
acids in water at (1) pH 1, (2) pH 7, and (3) pH 11. 
a. Tyrosine b. Histidine c. Serine d. Glutamic acid 


27.19. Draw the structure of each of the following peptides showing the charge on 
each functional group in water at pH 7. Remember that amide groups are neutral, 
so they are neither protonated nor deprotonated in the pH range 1-12. 


a. Ala-Glu-Val b. Phe-Tyr-Lys c. Leu-His-Asn-Ser 


27.20. Nucleophilic aromatic substitution (Section 17.4e) has been utilized asa way to 
identify amino acids. The amino acid is treated with 2,4-difluoronitrobenzene (2,4- 
DNFB), and substitution generates a highly colored derivative that can be isolated 
and identified by comparison of its melting point with those of known compounds. 


"M „ Оон 
uet od + KC — on teca 
HN COOH R 
NO, NO, 


2,4-DNFB 2,4-DNB derivative of amino acid 


Propose a reasonable mechanism for the reaction between the amino group of 
L-isoleucine and 2,4-DNFB. 


27.21. The reaction between an amino acid and 2.4-DNFB (Exercise 27.20) provides 
a method for identifying the amino acid at the N-terminus of the polypeptide 
chain. Draw the products expected from the following reaction sequence: 


1. 2,4-DNFB 


Vai—Asn—Phe— Glu—lle — Gly—Gly — Ala LHOTA 


27.22. After treating the following pentapeptide with 2,4-DNFB, followed by com- 
plete hydrolysis, a chemist isolates two different 2,4-DNFB derivatized amino acids. 


H2N-ile-Ala-Phe-Lys-Ser-COOH 


a. Draw the structure, including the 2,4-DNFB group, if present, for each of the 
five amino acids obtained after the hydrolysis step. 


b. How can you be sure which amino acid was at the N-terminus of the starting 
polypeptide? 
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27.23. Draw the structure of the major product expected from each of the following 
reactions, Show stereochemistry where appropriate. If no reaction occurs, write N.R. 


b. 
a. 
сн 1 1. (CH,CO),0, OH7 14 1. NH,CN 
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27.24. Show how you would prepare each of the following amino acids in an enan- 
tiomerically pure form, starting with any carboxylic acid: 


COOH S 
r 


27.25. Nutra-Sweetis the brand name for aspartame, an artificial sweetener that is the 
methyl ester of the dipeptide Asp-Phe. Draw the structure of aspartame at pH 7.6. 


a. 


27.26. Show how you would prepare the tripeptide Ala-GlyJle in the laboratory, as- 
suming you do not have an automated peptide synthesizer. 


27.27. Poly(L-lysine) exists in a random coil conformation at pH 7. Adding OH- raises 
the pH toa value of 10, and the material adopts an o-helical conformation. Explain. 


27.28. y-Carboxyglutamic acid (Table 27.1) was not discovered until 1974. What in- 
herent structural feature accounts for the fact that it escaped detection for so long? 


27.29. Among the amino acids with nitrogen in the side chain, arginine is the most 
basic. In fact, arginine is rarely found in its deprotonated form in proteins. The 
side-chain group in arginine is the guanidinium ion, which is highly stabilized. 
Draw resonance structures that illustrate this stabilization of the positive charge. 
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28.3 MOLECULAR RECOGNITION 
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28.5 CAVITY-CONTAINING MOLECULES 

28.6 RECOGNITION USING HYDROGEN BONDS 
CHAPTER SUMMARY 


The nucleic acids DNA and RNA are used to Store and transmit genetic information, 
respectively. The nucleic acids are organic molecules, albeit very large ones, and con- 
tain carbon, hydrogen, nitrogen, oxygen, and phosphorus. 

The first part of this chapter describes the structures and reactions of nucleic acids, 
as well as the nucleosides and nucleotides from which they are constructed, drawing on 
the knowledge that you have about the chemistry of carbohydrates (Chapter 19) and 
aromatic heterocycles (Chapter 25). The functional groups that link nucleosides to 
form RNA and DNA are esters of phosphoric acid, or phosphoesters, the reactions of 
which will be compared with the chemistry of carboxylic acid esters. In the second part 
of the chapter, you will learn how some properties of the nucleic acid structures can be 
applied conceptually to the structures of synthetic compounds. 

In 1953, James Watson and Frances Crick unraveled the remarkable structure of 
DNA, for which they received the Nobel Prize in physiology or medicine in 1962. Since 
then, organic chemists have attempted to prepare molecules that are able to behave in 
the same extraordinary way, by interactions between complementary structures. Mole- 
cules used for recognition purposes must exploit noncovalent interactions instead of 
covalent bonds, and several such systems are described in this chapter. 


28.1 NUCLEOSIDES AND NUCLEOTIDES 


28.1a NOMENCLATURE OF NUCLEIC ACID BUILDING BLocks 


Nucleosides—the building blocks of RNA and DNA—are constructed from aromatic 
heterocycles, called bases, attached at the anomeric carbon atom of either D-ribose or 
2-deoxy-D-ribose in the B-position (Section 19.3b). Although an IUPAC name can be 
given to each heterocycle and nucleoside, common names adopted long ago are used 
almost exclusively for these molecules and are summarized in Figure 28.1. 
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Heterocyclic bases 
NH, о о NH, о 
N^ | "Y HN | єн, N^ | N HN N 
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Nucleosides 
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(е) о 


N N 

/ NH / т 

Oe am ‘42 
HO OH 


Guanosine (G) Inosine (I) 


Adenosine (A) 


Figure 28.1 

The structures of the heterocycles and the corresponding nucleosides that constitute the 
nucleic acids. The nucleosides A, C, G, and U are components of RNA. The 2’-deoxyy 
derivatives dA, dC, and dG (d means deoxy) as well as T are components of DNA. Inosine is 
found only in -RNA. 


Because of the growing awareness about the relationship between the nucleic acids 
and the genetic basis of certain diseases, new derivatives of the nucleosides are being 
made continually, and naming these substances becomes a matter of specifying the 

HN CH; identities and positions of substituents using the nucleoside name as the root. 
| Substitution on the heterocyclic portion is denoted by the numbers that are shown 
O^ ^N on the structures in Figure 28.1. Substitution in the carbohydrate ring is specified 
HO using a numeral with a prime mark. As an example, 3’-azido-3’-deoxythymidine (AZT), 
the first drug prescribed for the treatment of acquired immune deficiency syndrome 
(AIDS), is thymidine with an azide substituent in place of the OH group normally at- 
Ns tached at the 3’-position. Its name—3’-azido-3’-deoxythymidine—specifies the absence of 
the OH group as well as the inclusion of the azide substituent. The prefix deoxy is there- 
AZT fore common in the names of nucleoside derivatives. 
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2"-Deoxycytidine 5'-diphosphate Uridine 5'-monophosphate 6-Thioguanosine 5'-diphosphate 


Figure 28.2 
The structures of some natural and unnatural nucleotides. 


Nucleotides are derivatives of nucleosides that have a phosphate group at the 5' po- 
sition. The phosphate group, which can have one, two, or three phosphorus atoms 
along with the appropriate number of oxygen atoms, is included as a suffix. Examples 
of some nucleotide names are given in Figure 98.2. 


Draw the structure for each of the following molecules: 


* d. 2’Deoxyadenosine-5’-diphosphate 
e. 5-Trifluoromethyluracil 


а. &Mercaptoadenine 
b. 2-Fluoroadenosine 

с. 2’,3’-dideoxycytidine 
————————M— ÀJ — 


28.1b Nucleic Acid Bases ARE DERIVATIVES 
OF PYRIMIDINE AND PURINE 


The heterocycles shown in Figure 28.1 have either one or two rings. Cytosine, uracil, 
and thymine are six-membered ring compounds with nitrogen atoms at positions 1 and 
3 and bear a resemblance to pyrimidine, one of the isomeric diazines (Section 25.2f). 
Consequently, these heterocycles are called pyrimidine bases, and cytidine, uridine, 
and thymidine are referred to as pyrimidine nucleosides. 


-—————————————J n B B 989 MM 
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Purine, a compound with a diazine ring fused to a 1,3-azole, is the heterocycle that 
bears a resemblance to the bases in adenosine, guanosine, and inosine, which are 
called purine nucleosides. The purine nucleus is also found in natural products such 
as caffeine (a component of tea and coffee), theobromine (a constituent of cacao 
beans), and uric acid (the end product of nitrogen metabolism in some animals). 


нс o HG о Т о 
NA N UE N JH N 
é 15 CT N < Y NH 
S N o | 
n м^ N y o N м, ^ wo 
| 
CH; CH; i 
Purine Caffeine Theobromine Uric acid 


Purine is aromatic, but it does not undergo reactions such as electrophilic aromatic 
substitution because its high nitrogen content makes the ring prone to addition reac- 
tions. For example, adenine undergoes deamination by way of addition-elimination; 
the double bond between C6 and N1 reacts as an imine group does (Section 20.1). 


Addition 


HN: :ÓH 


:NH; 

A e S 
& RIS HTS 
2 Sy T k Н 


Sn 
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Elimination 


VEM Y. 
(res, HN \ Om. HN . 
H--OH СТУ ОЕ | J + Nh; 


H H 


Purine derivatives are made by condensation reactions between amines and car- 
bonyl precursors, which form the carbon-nitrogen bonds. However, the combination 
of ammonia and hydrogen cyanide is sufficient for the preparation of adenine in the 
laboratory, a point that has been made to support the contention that adenine was cre- 
ated in the prebiotic environment of earth, when HCN may have been abundant. 


NH NH NH; 
NH; Ñ 
2NH, HN 2 N 
3 HCN з 2! ^X HCN HN | y HCN Ur 5 
HN "NH; М SN N 


HN 


Adenine 


Draw valence bond representations for purine and pyrimidine, like those illustrated for 
pyridine and imidazole (Sections 25.2a and 25.42). Which unshared electron pairs are 
part of the тп system, and which are perpendicular to the t bonds? 

————————————————————————————— 
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28.1c HvpRoxv-SuasriTUTED HETEROCYCLES Exist AS TAUTOMERS 


In his book The Double Helix, James Watson describes how he was initially led astray by 
making assumptions about the structures of the bases that constitute DNA: 


My scheme [that each base paired with itself] was torn to shreds by the following noon. 
Against me was the awkward chemical fact that I had chosen the wrong tautomeric forms 
of guanine and thymine... 

I no sooner got to the office and began explaining my scheme than the American 
crystallographer Jerry Donohue protested that the idea would not work. The tautomeric 
forms I had copied out of Davidson's book were, in Jerry's opinion, incorrectly assigned. 
My immediate retort that several other texts also pictured guanine and thymine in the 
enol form cut no ice with Jerry. Happily, he let out that for years organic chemists had 
been arbitrarily favoring particular tautomeric forms over their alternatives on only the 
flimsiest of grounds. In fact, organic chemistry textbooks were littered with pictures of 
highly improbable tautomeric forms. The guanine picture I was thrusting toward his face 
was almost certainly bogus. All his chemical intuition told him that it would occur in the 
keto form. He was just as sure that thymine was also wrongly assigned an enol 
configuration. Again, he strongly favored the keto alternative. 


Why did early textbooks suggest that the enol forms of the heterocyclic bases are 
the predominant ones? Most likely it had to do with the stability of phenol (an enol) 
compared with its keto form. Hydroxy-substituted heterocycles might be expected to 
behave in the same way, but their keto forms are actually favored. A simple molecule 
that can be used to illustrate these trends is 2-hydroxypyridine, which is disfavored by 
a ratio of 1:300 compared with its tautomer 2-pyridone. 


N$ N 
=> Dc —е | 
дн 9 № ӧн № Ng 
H H | 


H H 


Phenol 2-Pyridone 


One could argue that 2-hydroxypyridine should be favored because it is aromatic. 
But 2-pyridone is also aromatic—the difference is that some resonance forms of 2- 
pyridone have charged atoms. All of the atoms in these resonance forms satisfy the 
octet rule, however, and the negative charge resides on the more electronegative oxy- 
gen atom. Furthermore, these structures have six electrons in planar rings with conju- 


gated л bonds. 
SS 2? Ss “ SS 
к. LA е. 
№ “ӧн № “ӧн m NOS СОЛ 
+ H H H 
2-Hydroxypyridine 2-Pyridone 


Similar tautomeric forms are observed for the pyrimidine and purine derivatives 
found in the nucleosides. When a carbonyl group is bonded to two nitrogen atoms, then 
additional tautomers exist, and the keto form is more predominant. The keto and enol 
forms of these heterocycles are designated the lactam and lactim forms, respectively. 
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The importance of the lactam forms relates to the situation that initially fooled 
Watson: The hydrogen bonding patterns of the heterocyclic bases are related to the positions at 
which the hydrogen atoms are attached. We will return to this topic shortly. 


EXERCISE 28.3 


Draw the tautomeric forms for uric acid (Section 28.1b), uracil (Fig. 28.1), and gua- 
nine (Fig. 28.1). 


————————————————————— 


28.1d A Givcosibic BOND 15 FORMED DURING 
NUCLEOSIDE SYNTHESIS 


A nucleoside is made by forming a bond between the nitrogen atom of the heterocycle 
base and the anomeric carbon atom of D-ribofuranose or D-2-deoxyribofuranose. This 
link, called the glycosidic bond, is similar to the bond formed between an alcohol and 
a carbohydrate when an acetal derivative—a glycoside—is made (Section 19.42). 
There are many ways to prepare nucleosides in the laboratory, but one example 
will suffice to illustrate the general process. Unlike acetals, nucleosides cannot be made 
using a strong protic acid because the proton will react with the heterocycle and make 
ita cation. Instead, the anomeric acetate derivative of the carbohydrate (with the OH 
groups protected as esters) is converted to a cation intermediate by treatment with 
SnCl, a Lewis acid. The heterocycle itself, which is protected at its oxygen atoms with 
trimethylsilyl, Si (CHs) з, groups, does not react appreciably with tin(IV) chloride. 
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Once formed, the cation intermediate is intercepted by the nitrogen atom of the het- 
erocycle. This step occurs at the top face of the ring because it is less hindered than the 
bottom (as drawn in the following scheme). 


OSi(CHs)5 
OSI(CH;); RANN 


o о 
I RA | 
Ph—C—o á^ Cr "NE " S ein: 


12—14 Tosi(CH) 
EUN ОКЕН. 


Chloride ion subsequently (or perhaps at the same time the nitrogen atom of the het- 
erocycle is reacting with the cation) reacts to remove a trimethylsilyl group and to un- 
mask the carbonyl group. 
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The other trimethylsilyl group is cleaved later (not shown here) to form the other car- 
bonyl group. 


28.1e PHOSPHATE ESTER FORMATION IS THE FOUNDATION FOR THE 
BIOSYNTHESIS OF THE NUCLEOTIDES AND NUCLEIC AciDs 


The formation of the glycosidic bond during biosynthesis actually occurs with a phos- 
phorylated ribose derivative, so nucleotides, rather than nucleosides, are formed di- 
rectly from the carbohydrate and heterocycle. Differences exist between the detailed 
reactions involved in the biosynthesis and laboratory synthesis of the nucleotides, of 
course, but the key step is the same: A cation intermediate is trapped by a nitrogen-containing 
nucleophile to form the glycosidic bond. 

In the first stage of nucleotide biosynthesis, D-ribofuranose is converted to its 5- 
phosphate derivative, and then the anomeric OH group reacts to form a pyrophos- 
phate (P?Oz^-) derivative (the nomenclature used here follows that in standard 
biochemistry texts). 


Q-D-Ribofuranose @-D-Ribose-5-phosphate 


The phosphorylation steps shown in the preceding scheme are common reactions 
in nucleic acid chemistry. The products are phosphate esters, which are formally the 
condensation products of phosphoric acid with alcohols. 


o 
| | CH H Ц CH H | CH 
Mn " 3 3 3 3 In 3 
но ү”он но y o^ ^o^ "9^ М. ds o^ 
OH OH OH O—CH; 
Phosphoric acid Methyl phosphate Dimethyl phosphate Trimethyi phosphate 
(a phosphoester) (a phosphodiester) (a phosphotriester) 


Just as carboxylic acids can be converted to esters via the reaction between 
alcohols and derivatives such as acid chlorides and anhydrides (Section 21.3), phos- 
phate esters are made from alcohols and phosphoric acid anhydrides. In biochemistry, 


+ (CHjssicl 


5-Phosphoribosyl-a-pyrophosphate 
(PRPP) 
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ATP is the source of phosphate groups. The three phosphate groups constitute a 


bis(anhydride). 
NH; 
re о о S 
NP UD ae) 
^o^ “GPG о-о е N м^ АТР 
"Oo К) TO 
HO OH 


The mechanism for phosphoester formation is similar to that for ester formation. 
The alcohol or its conjugage base (nucleophile) reacts at the electrophilic phosphorus 
atom (Ribo-A in the following equations is an abbreviation for the ribose and adeno- 
sine rings of ATP). Instead of forming a tetrahedral intermediate, which is the species 
formed by addition of a nucleophile to a carbonyl group (Section 21.1c), a phosphoric 
acid derivative reacts by forming a trigonal-bipyramidal intermediate (the geometry of 
the phosphorus atom is trigonal bipyramidal). 


[e bipyramidal intermediate 
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Next, just as a tetrahedral intermediate collapses to regenerate a carbonyl group 
(Section 21.1c), the trigonal-bipyramidal phosphorus intermediate of phosphoryla- 
tion collapses to regenerate the phosphorus-oxygen double bond. Adenosine diphos- 
phate (ADP) is the leaving group in this process. 
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ADP 


EXERCISE 28.4 


Propose a mechanism for the synthesis of a diphosphate ester, also called a pyrophos- 
phate ester, a specific example of which is given by the following equation. Adenosine 
monophosphate (AMP) is the leaving group. This transformation is used in the activa- 
tion of the anomeric OH group of ribofuranose, which is involved in the biosynthesis 
of PRPP. 
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Returning to the route by which nucleotides are biosynthesized, PRPP undergoes 
ionization by displacement of the pyrophosphate leaving group by an electron pair on 
the oxygen atom in the ribofuranose ring. 
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ll Good leaving group 1 
70—Р—0 © a 70—р—0 РА 
| m > || | —› | E “чы Н + PO“ 
S :9—P—0—P—0^ 9 
HO он о- [o HO OH 


PRPP 


This intermediate is subsequently trapped by a nitrogen-containing nucleophile, yield- 
ing the nucleotide precursor. For the pyrimidine nucleotides, the nucleophile is a het- 
erocycle called orotate. For the purine nucleotides, the nucleophile is ammonia, 
generated by decomposition of the amide side-chain group of glutamine. Further re- 
actions are required to generate the actual heterocycles found in the nucleic acids. 
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28.2a THE PRIMARY STRUCTURE OF A NUCLEIC ACID Is ITS SEQUENCE 
The terms describing the structures of the nucleic acids parallel those used for pro- 
teins. Thus, the primary structure of a nucleic acid is its sequence of nucleosides. By 
convention, RNA and DNA sequences are specified starting at the 5’ end. 
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To illustrate how such sequences are denoted, consider the trinucleotide structure 
shown here. 


This sequence is one of RNA because the 2’ position of the sugar ring has an OH 
group. The phosphate groups are the same between each pair of nucleosides in a nu- 
cleic acid, so the sequence can be specified simply by listing the identities of the nu- 
cleosides/bases, starting at the 5’ end. This sequence is written AUG. 

For DNA molecules, the sequences are written in exactly the same way even though 
the nucleoside units are derivatives of 2’-deoxyribose. To differentiate a sequence of 
DNA from RNA, you look for the letter T (thymine), which is found only in DNA, or 
for the letter U (uracil), which is present only in RNA. For example, 


GCGATAGCGATCAGGATCAGG must be a sequence of DNA because T 


(but not U) is present 


must be a sequence of RNA because U 
(but not T) is present 


CCGAUAGCGAUUAGGACUAGA 


Remember that the printed sequence of a nucleic acid runs in the direction from 
5' to 3’, just as a given protein sequence runs from the N-terminus to the C-terminus. 
The order of the nucleotides is crucial, so, for example, the trinucleotide ACG is dif- 
ferent from CGA, just as the tripeptide Ala-Ser-Gly is different from Ser-Gly-Ala. 


28.2b Мосс AciD BIOSYNTHESIS is AN ENZYME-CATALYZED PROCESS 


Nucleic acids are prepared by coupling nucleotide triphosphate precursors via en- 
zyme-catalyzed processes. The enzyme DNA polymerase replicates DNA, and RNA poly- 
merase is the enzyme that transcribes DNA sequences to build RNA molecules. Both 
polymerases require a template—a strand of DNA—in addition to the nucleotide 
triphosphate building blocks. For DNA replication, a small piece of DNA called a 
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primer is bonded at a complementary sequence via hydrogen-bond formation (Section 
28.2c), and this sequence becomes part of the new DNA chain, as shown below. In the 
first step, a complementary nucleotide triphosphate binds to the template strand 
through hydrogen bonds. 


New Complementary 
DNA “7 f( 9^ chain (template) 


Active site of DNA polymerase 


Nucleophilic reaction of the 3-OH oxygen atom at the electrophilic phosphorus atom 
then takes place, which generates a trigonal-bipyramidal intermediate. 


Trigonal- 
bipyramidal intermediate 


Collapse of the five-coordinate phosphate ion produces the new phosphoester bond 
and expels pyrophosphate ion as the leaving group. 
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28.2c Ім Its Most SrABLE Form, DNA Exists As A DouBLE HELIX 


The assumption was made in Section 28.2b that you are already somewhat familiar with 
the double-helical form of DNA, in which hydrogen bonds form between complemen- 
tary bases across the helix axis. Other types of structures exist for the nucleic acids, so 
it is worthwhile to look at the structural details more closely. 

The common double helix is called B-DNA, which was the first regular structure 
deduced (Figure 28.3). The winding of the chains about the helix axis creates two 
crevices along the exterior of the DNA molecule, called the major and minor grooves. 
These regions allow small molecules to interact with the base pairs without the neces- 
sity of unwinding the two strands of the helix. 

An important feature of the double-stranded helical structure is its preponderance 
of negative charges, which result from the presence of the anionic phosphate groups 
lining the edges of the helix. These anionic groups can effectively repel other anions 
such as hydroxide ion, preventing dissociation of the helix and hydrolysis of the phos- 
phodiester bonds. Species with positive charges are attracted to the exterior of the 
DNA molecule, however. Fortunately, potent electrophiles are not common in aqueous 
solution because they would readily react with water, which is itself a good nucleophile. 

The greatest influences on the formation of the DNA double helix are the attrac- 
tive dispersion and dipole-dipole forces (Section 2.8a) between the faces of the hete- 
rocyclic rings. These phenomena are often referred to as pi-stacking interactions, 
which result from the dipoles or induced dipoles of the heterocycles’ п systems. Once 
the heterocycles interact to form stacked arrays of their rings along the helix axis, hy- 
drogen bonds can form across the helix between adjacent, antiparallel strands of DNA, 
as shown in Figure 28.4. An important fact that led to the solution of the DNA structure 
was an earlier observation that the ratios of adenine-to-thymine and cytosine-to- 
guanine were 1:1. When Watson realized that the N-H and O-C groups would form hy- 
drogen bonds with each other across the helix axis, the significance of the equimolar 
ratios became apparent: Hydrogen bonds only occur between a pyrimidine and a purine base, 
that is, between A and T or C and G. These interactions lead to equidistant positions 
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Figure 28.3 
The structure of B-DNA. 


Figure 28.4 

A close-up view of three base 
pairs of B-DNA. The strands 
are antiparallel, meaning that 
the directions 5' — 3’ are 
spatially opposite. Hydrogen 
atoms have been omitted for 
clarity. 
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Figure 28.5 

Hydrogen bonds between 
complementary bases in DNA. 
The distance d between Cy on 
adjacent strands (shown by 
the black dots) is the same for 
each pyrimidine-purine pair. 
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between the anomeric carbon atoms of the deoxyribofuranoside units across the di- 
ameter of the helix (Fig. 28.5) and to an even, ordered structure. 

These precise base-pairing combinations provide the anchor for our understand- 
ing of DNA and RNA biosynthesis. What is arguably the most eloquent understatement 
in all of science is the sentence in Watson and Crick’s original Nature publication that 
reads: “It has not escaped our notice that the specific pairing we have postulated im- 
mediately suggests a possible copying mechanism for the genetic material.” 

As important as hydrogen bonds are for the recognition processes involved in 
replication, the hydrogen bonds that can form with the edges of the bases within the 
major and minor groove can be just as significant for other phenomena such as gene 
regulation. The standard base pairing illustrated in Figure 28.5 leaves several hydrogen 
atoms and heteroatoms with no association to other groups in the nucleic acid itself. 
These groups line the “floor” and sides of the grooves on the exterior of the helix, and 
small molecules such as drugs and larger species such as proteins can interact with the 
nucleic acids by forming hydrogen bonds with these available donors and acceptors. 


28.2d DNA CAN HAVE A VARIETY OF STRUCTURES THAT ARE INFLUENCED 
BY THE CONFORMATIONS OF THE BASES AND SUGAR RINGS 


Just as proteins display a variety of secondary structural elements, the secondary struc- 
tures of nucleic acids can vary too. When fibers of B-DNA are dried, they assume a con- 
formation called A-DNA, in which the helix is compressed, and the base pairs tilt 19 

with respect to the helix axis. The A-DNA structure, illustrated in Figure 28.6, still 
maintains the normal A-T and C-G base pairs, but the conformation of the deoxyribose 
rings change, as shown in Figure 28.7. In B-DNA, the five-membered sugar rings are 
puckered so that Cy lies above the plane of the other four atoms in the ring; this con- 
formation is called Cy—endo. (Recall from Section 3.2a that five-membered rings exist 
in a form that looks like a partially opened envelop.) In A-DNA, Cy is the atom that lies 
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above the plane of the carbohydrate ring; its conformation is C3—endo. The changes in 
conformation from Ce—endo to C3—endo leads to the tilt of the base pairs relative to the 
helix axis. 


A third type of secondary structure is Z-DNA, which is also illustrated in Figure 
28.6. It is radically different from A- and B-DNA because it exists as a left-handed helix. 
The conformations that lead to formation of Z-DNA are illustrated in Figure 28.8, and 
they result from the orientation of the base about the glycosidic bond. Normally, the 
glycosidic bond is anti, but in Z-DNA, the purine bases adopt a syn conformation. 

The properties of the three types of secondary structure are summarized in Table 
28.1. é 
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Figure 28.6 


Illustrations of the helix 
structures in В-, A-, and 
Z-DNA. 


Figure 28.7 

Sugar puckering in B-, and A- 
DNA. The terms Co-endo and 
Cs-endo denote which atoms 
of the deoxyribose ring lie out 
of plane. The consequences of 
puckering affect other confor- 
mations in the DNA backbone 
by twisting of the phosphate 
and glycosidic bonds. 


Figure 28.8 
Conformations of the 
glycosidic bond in DNA. 
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Figure 28.9 

A model for the three- 
dimensional structure of yeast 
phenylalanine t-RNA. 
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Table 28.1 А comparison of the properties of A-, B-, and Z-DNA structures, 


Helix type 
Feature A B 2 
7————————————— eee 
Ѕһаре Broadest Intermediate Most elongated 
Rise per base pair 23A 34À 3.8À 
Helix diameter 25.5 À 23.7 А 18.4 А 
Screw sense Right-handed Right-handed Left-handed 
Glycosidic bond anti anti anti for C, T syn for G 
Base pairs per turn of helix 11 10.4 12 
Pitch per turn of helix 24.6 À 332À 45.6 À 
Tilt of base pairs from 19? 1? 9? 
normel to helix axis 
Major groove Narrow and deep Wide and deep Flat 
Minor groove Broad and shallow Narrow and deep Narrow and deep 


The secondary structures of RNA are even more diverse than those observed for 
DNA. A major difference is the scarcity of double helix structures in RNA. The OH 
group in the 2”position of ribose prevents formation of the B-type helix, but double 
strands can be generated if the RNA molecule adopts an A-type helix. The structure of 
a typical -RNA molecule is shown in Figure 28.9. Some double-stranded portions are 
seen, but they do not have the regular, ordered structure of the DNA double helix; 
many unpaired regions also exist. 


CCA terminus 


Anticodon “ 
loop 
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28.3 MOLECULAR RECOGNITION 


The notion that synthetic systems could be used to *recognize" other molecules was 
strengthened by the elucidation of DNAs structure; but as early as 1890, Emil Fischer 
likened an enzyme's active site and its substrate to a lock and key, a concept that dom- 
inated the field of enzymology for decades. Still, it is fair to say that the properties of 
catalysis, recognition, and transport were long thought to be unique to biomolecules, 
so the paradigm shift that brought synthetic systems to the fore did not take place until 
the developments in molecular biology occurred during the 1950s and 1960s. 

For organic chemists, the general topic of molecular recognition has followed 
many avenues of exploration. Often, molecular recognition is described as Aost-guest 
chemistry, a term coined in 1974 by Donald Cram, who shared the 1987 Nobel Prize in 
chemistry on this topic. Research in the field of host-guest chemistry focuses on un- 
derstanding how a receptor (the host) can interact with another molecule (the guest) 
in the absence of covalent bonding. 

The host molecule is generally larger than the guest, or at least larger than the por- 
tion of the guest molecule or ion that is bound, which is called the epitope. The epitope is 
complementary to the host's binding site with regard to charge and steric requirements. 

When a host and a guest molecule interact, they generate a complex. You have seen 
many times in this text that enzymes are excellent hosts; they have an active site that 
binds a substrate, often with high specificity. The DNA molecule is not normally con- 
sidered to be a host-guest complex, but the noncovalent interactions that lead to repli- 
cation are the same as those found in host-guest complexes (Section 2.82). In such 
complexes, the receptors use these three types of noncovalent interactions: 


* Electrostatic forces: ion-ion, ion-dipole, and electron donor-acceptor. 
* Dispersion forces: induced dipole-induced dipole, п stacking. 
e Hydrogen bonds: -O-H --- O-, -O-H -- №, -N-H -- O-, etc. 


In the next sections, you will be introduced to several examples of synthetic molecules 
that have been prepared to exploit noncovalent interactions in order to study recog- 
nition processes. 


28.4 CROWN ETHERS AND CRYPTANDS 


28.4a CROWN ETHERS ARE PREPARED BY SUBSTITUTION REACTIONS 


The crown ethers, also called coronands, were among the first artificial recognition sys- 
tems studied. The name derives from the shapes of these molecules in a particular con- 
formation, which resembles a crown. 

« 


18-Crown-6 


The simplest and most common crown ethers have СН:СН» groups linking oxygen 
atoms, and these are named with two numbers, the larger one designating the total 
number of atoms in the ring, and the smaller one indicating how many oxygen atoms 
are present. 

Crown ethers are made by a variant of the Williamson ether synthesis (Section 
7.2b) in which an alkoxide ion displaces a tosylate or halide ion by an Sy2 mechanism. 
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Additional base deprotonates the second alcohol group, and the cation brings together 
the two ends of the macrocycle. This template effect, as it is called, is an important part 
of crown ether synthesis, accounting for the high yield of ring formation. 


OTs 


aa inch 
1,2-Dimethoxyethane 


C D wan 
Lo ш 


(93%) 


The general procedure illustrated above for the synthesis of 18-crown-6 can be 
used to make many similar compounds with nitrogen, oxygen, and sulfur atoms in the 
ring. To prepare azacrowns, molecules with nitrogen atoms in the ring, protecting 
groups or alternate methods are sometimes required. A common alternate route is to 
make an amide link, and reduce the carbonyl group with LiAIH, (Section 21.8b). 
Some structures and names of representative coronands are shown below. 
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Dibenzo-18-crown-6 1,10-Diaza-4,7,13,16-tetra- —1,4-Dithia-7,10,13-tri- 1,4,7-Triazacyclononane 
oxacyclooctadecane oxacyclopentadecane 


EXERCISE 28.6 


Show how you would prepare dibenzo-18-crown-6 from catechol and bis (2-hydroxy- 
ethyl)ether. 
a ———_——_—_—~ 


28.4b CROWN ETHERS RECOGNIZE IONS BY THEIR SIZES 


Charles Pedersen, a chemist at DuPont, first prepared and studied the crown ethers in 
1967, demonstrating that they bind alkali metal ions. This achievement was recognized 
by his sharing the 1987 Nobel Prize in chemistry with Jean-Marie Lehn and Donald 
Cram. It is remarkable how these compounds have been utilized since that time. One 
important application of crown ethers is to dissolve salts in solvents of low dielectric 
strength. For example, most sodium and potassium salts of simple inorganic anions are 


28.4 Crown Ethers and Cryptands 


insoluble in solvents such as acetonitrile and benzene. Addition of crown ethers leads 
to ready dissolution. 

A specific example illustrates the utility of this procedure. Acetate ion is a notori- 
ously poor nucleophile in typical Sy2 reactions. If water is present, hydrogen bonds are 
formed between the acetate ion and water; if a polar, aprotic solvent is used, the salt is 
not soluble. With even 10 mol% of 18-crown-6, however, potassium acetate dissolves in 
acetonitrile, and the acetate ion acts as a potent nucleophile: 


К+ "OAc 
18-Crown-6, CH;CN, A, 3 hr 


NNO 
(96%) 


Sun BT 


The crown ether binds the potassium ion strongly, carrying the acetate ion into solu- 
tion as a "naked" (unsolvated) nucleophile. Literally hundreds of examples like this 
one are known. 

Crown ethers are specific for the cation they bind, and this specificity is related to 
the size of the cavity. Thus, 18-crown-6 binds K* preferentially, but smaller crown ethers 
can bind Li* or Na* ions. 


Ionic radius (A) 


з 87 K* 2.66 
MÌ- 10: 
Na* 1.80 
Lit 1.20 


The binding interaction is based primarily on the electrostatic attraction between the 
unshared electron pairs of the oxygen atoms and the cationic metal ion. 
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12-Crown-4 15-Crown-5 18-Crown-6 

Binds Li* preferentially Binds Na* preferentially Binds K* preferentially 


Metal ions are not the ofily guests that form complexes with crown ethers. Ammo- 
nium ions, which also carry a positive charge, can interact through two or three of the 
crown's heteroatoms via hydrogen-bond formation. Azacrowns are even better at bind- 
ing ammonium ions because the nitrogen atoms are more basic than oxygen atoms. 
The following example shows a crown ether with a pyridine ring in the core structure: 
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Show how you would prepare the pyridine crown ether in the preceding scheme from 
2,61utidine (2,6-dimethylpyridine), bis(2-hydroxyethyl) ether, and chloroethanol. What 
is the expected order of binding toward tertbutylammonium perchlorate, (tert- 
butyl) methylammonium perchlorate, and (tertbutyl) dimethylammonium perchlorate? 


PE 


28.4c CRYPTANDS AND SPHERANDS EXPLOIT THE PROPERTY 

OF PREORGANIZATION 
The binding of a metal ion by a crown ether depends on matching the size of the cav- 
ity with the size of the metal ion, a property called complementarity. The magnitude of 
binding—shown by the value of the equilibrium constant, K,—is related to the change 
in free energy of the system when the host (H) binds the guest (G) molecule. This free 
energy change in turn is related to changes in the enthalpy and entropy of the system. 


_ [H-G] 


ЛЕТ (н = 8.1 
Нш) " Свом) TES (Н.С) (solv) Ka H] [G] (28.1) 
AG? = AH*- TAS’ =-RTInK, = -RTIn ( [H.-G] ) (28.2) 
[H] [G] 


One way to influence the strength of binding is to minimize the change in entropy 
when the guest is bound. Minimizing entropy can be accomplished by preorganization, 
in which the conformation of the host changes little as the complex forms. The 
eryptands are molecules that display the property of preorganization. They have a specif- 
ically tailored cavity to optimize binding of a metal ion by encapsulation. Jean-Marie 
Lehn, who shared the 1987 Nobel Prize, prepared and studied many of these sub- 
stances, which are like crown ethers except that they have an additional "strap" to cre- 
ate the cavity. A typical cryptand host is prepared by making a diamide from a diaza 
crown ether; the amide groups are subsequently reduced using diborane (which reacts 
like LiA1H4). 
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The binding of potassium ion by this cryptand is more favorable by several kilo- 
calories per mol than the binding by more flexible crown ethers, as shown by the data 
presented in the following two equations: 


meer Ss окаса 
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Spherands constitute another class of compounds that are preorganized to bind 
metal ions. These cyclic methoxybenzene derivatives, prepared and studied by Cram 
and co-workers, are even more rigid than the cryptands. Some Spherands can bind al- 
kali metal ions even more tightly than either crown ethers or cryptands. The com- 
pound shown below, for example, binds a lithium ion with AG? > -23 kcal mol! buta 
potassium ion with AG? < -6 kcal mot. 


CH; Mx - OCH; 


A spherand with eight aromatic rings will bind a cesium ion in preference to the other 
alkali metal ions. . 


28.4d SOME ANTIBIOTICS FUNCTION AS CROWN ETHERS 


Certain microorganisms make use of crown ether-like molecules called ionophores to 
transport metal ions through cell membranes, which are composed of hydrophobic 
molecules. Fatty acids and cholesterol are two principal constituents of cell mem- 
branes, and their hydrocarbon portions prevent polar molecules and ions from cross- 
ing their boundaries. Metal ions are usually solvated by water, which enhances their 
degree of lipophobicity (fear of fat) even more. 

Ionophores are antibiotics that facilitate the transport of metal ions through cell 
membranes by binding the metal ion within their interior and presenting a hydrocar- 
bon exterior to the membrane surroundings. Two well-studied examples are valino- 
mycin and nonactin. Valinomycin is a cyclic trimer consisting of L-lactate, L-valine, 
D-hydroxyvalerate, and D-valine. The six valine carbonyl groups adopt an octahedral 


AG°=— 18 kcal mol" 
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Figure 28.10 

Models of the potassium 
complexes of (a) valinomycin 
and (b) nonactin. Hydrogen 
atoms have been omitted for 
clarity of presentation. 


arrangement in the presence of potassium ion, creating a binding site that places the 
nonpolar isopropyl groups on the exterior of the molecule. Nonactin uses four car- 
bonyl groups and four THF oxygen atoms to bind a potassium ion as an eight- 
coordinate complex. These potassium ion complexes are illustrated in Figure 28.10. 
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Just as 18-crown-6 binds potassium in favor of sodium or lithium ions, valinomycin 
binds K* more tightly than the others by a factor or » 1000. Valinomycin without a 
metal ion has an open and flexible conformation compared with its potassium com- 
plex. The folded form has a rigid cavity that is too large to coordinate its six carbonyl 
oxygen atoms to Na* or Li*. 

Besides having smaller sizes, Na* and Li* ions also have higher solvation energies 
than K*. So even when the binding pocket is the correct size, additional stabilization is 
needed to compensate for the energy that is lost when water molecules no longer bind 
to these ions. 


28.5 CAVITY-CONTAINING MOLECULES 


28.5a CYCLODEXTRINS UsE DISPERSION FORCES 
TO BiND GuEST MOLECULES 


Cryptands and spherands bind metal ions well because they have small cavities with sev- 
eral electronegative atoms that can interact with metal cations by dipole-ion forces. 
Some host molecules are able to accommodate more structurally diverse guests be- 
cause they can take advantage of weak interactions such as dispersion forces (induced 
dipoles, Section 2.8a) that extend over large molecular surfaces. 

The cyclodextrins are degradation products of starch that are formed by specific 
enzyme-catalyzed processes, These derivatives of D-glucose have six, seven, or eight car- 
bohydrate rings connected head-to-tail to create a cylindrical shape. The holes in these 
cylinders vary in size, but they are all nonpolar. In contrast, the hydroxyl groups on the 
sugar rings make the cyclodextrin exteriors hydrophilic, so they are soluble in water. 


28.5 Cavity-Containing Molecules 975 
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a-Cyclodextrin (top view) 


The binding of guest molecules by the cyclodextrins has received much attention 
and led to their current commercial use in fabric fresheners such as Febreze. The inte- 
rior cavity of these hosts traps molecules that cause odors, and their water solubility 
means that they can be washed away, if desired. Cyclodextrins are also used in chro- 
matography applications. For example, o-cyclodextrin binds о, m, and Pnitrophenolate 
ion with equilibrium constants of 200, 500, and 2439, respectively. The strong binding 
of the para isomer, the complex of which is shown at the right, results from dispersion 
forces between the benzene ring of the guest and the hydrocarbon portion of the glu- 
cose rings in the cylinder cavity. The meta and ortho isomers do not fit as well into the 
cavity because of their larger cross-sectional widths, so they are not bound as strongly. 


28.5b CYCLOPHANES ARE OLIGOMERS OF BENZENE AND ITS DERIVATIVES 


When phenol and resorcinol derivatives are made to react with aldehydes, cyclic 
oligomers are formed. These compounds are members of a class of substances called 
cyclophanes and are named as calixarenes and calixresorcinarenes, respectively. These 
names derive from their resemblance in certain conformations to an ancient Greek 
vase called a calix crater. The non-systematic nomenclature used for these bowl-shaped 
molecules starts with the prefix calix, followed bya number in brackets for the number 
of benzene rings, followed by the suffix -arene or -resorcinarene. The structures of two 
common cyclophanes follow: 


t-Bu 


p-tert-Butylcalix[4]arene C-Methylcalix[4]resorcinarene 


| 
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Calixarenes can adopt one of several conformations because rotations around the 
bonds linking the aromatic rings are relatively unhindered. Alkylation of the phenol 
oxygen atoms in calix[4]arene locks the molecule into its “cone” conformation. Cal- 
ixarenes bind guest molecules such as toluene, shown below at the right, by taking ad- 
vantage of dispersion forces between its aromatic rings and the hydrocarbon portions 
of the guest molecules. In this example, a sodium ion is also bound by the methoxy 
oxygen atoms on the bottom (the lower rim) of the cone-shaped host molecule. 


@ Sodium ion 


© Oxygen 
© Carbon 
The cone formation of The structure of the Na* and toluene complex of 
p-tert-Butylcalix[4]arene Tetra-O-methyl(p-tert-Butylcalix[4]arene) 


(R=t-Bu) 
Resorcinarenes exist naturally as bowl-shaped hosts because of hydrogen-bond for- 
mation between pairs of adjacent OH groups. The cavity is hydrophobic, but the OH 


groups can contribute hydrogen-bond acceptors and donors on the upper rim. 


L^ Upper rim 


Lower rim 


EXERCISE 28.8 


Treating 2,4-dimethoxybenzyl alcohol with acid produces a trimeric product called cy- 
clotriveratrylene, which has a shallow bowl shape. Propose a mechanism for this trans- 
formation, which starts with protonation of the benzylic OH group, dissociation of 
water to form a carbocation, and electrophilic aromatic substitution reactions. 


CHO осн 
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28.6 RECOGNITION USING HYDROGEN BONDS 


28.6a  UREA-CONTAINING Host MoLecutes RECOGNIZE GUESTS 
BY HYDROGEN-BOND FORMATION 


The third type of noncovalent interactions that receptors use to recognize guest mole- 
cules are hydrogen bonds (Section 28.3). Carboxylic acids are ideal guest molecules to 
study with respect to hydrogen-bond formation because carboxylic acids are common in 
biochemical systems: fatty acids, amino acids, and many metabolic intermediates contain 
COOH groups. Furthermore, carboxylic acids are structurally simple (compared to nu- 
cleic acids, for example) and have the ability to form hydrogen bonds in multiple ways. 
For example, dimers form readily in nonaqueous solutions, as illustrated here: 


о ОН: о 
| == R М x R 
R^ "oH \ / 
O- H—O 


Host molecules that bind carboxylic acids often have nitrogen-containing func- 
tional groups because of their tendency to form hydrogen bonds. Derivatives of urea 
are neutral, and they can form two hydrogen bonds that are aligned in the same di- 
rection. Furthermore, the size of the urea functional group matches the size of a car- 
boxylate ion, so two hydrogen bonds can be formed, as shown here. 
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HN NH H H о H—N 

X 
Urea An N,N'"-dialkylurea R 


Each oxygen atom of a carboxylate ion has two electron pairs. The one directed 
away from the R group is called the syn pair, and it is considered to be a stronger base 
than the other, designated anti. 


2 
Pos [9 
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Side view, showing the тг system Top view, showing the nonbonding electron pairs; the 


syn electron pairs are more basic than the anti ones. 


Carboxylate ions that are reactive within enzyme active sites employ the syn elec- 
tron pair as nucleophiles, an observation that supports the notion of their higher ba- 
sicity. Thus, if a carboxylate ion is to be bound by a single urea group within a synthetic 
host, then its two syn pairs will be engaged instead of a Syn and an anti pair. 
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If one or two anti pairs can be utilized in addition to the syn pairs, however, then bind- 
ing should be enhanced. 

The binding capabilities of several urea-based receptors for carboxylate ions sup- 
port the ideas just presented. A receptor with a single urea group binds to a carboxy- 
late ion through the latter's syn electron pairs; the value of the equilibrium constant for 
this interaction is K, = 400. A di(urea) receptor that binds the same carboxylate ion has 
Ka = 2x 10°. Notice that the receptor with two urea groups takes advantage of interac- 
tions with the anti electron pairs in addition to its interactions with the syn pairs. 


t-Bu t-Bu 
LL X 
di нео 
Ph—CH “Hees! u^ cu pn 
la, du, 


Preparing receptors with urea groups is straightforward because amines react with iso- 
cyanates in high yield. This is the same reaction used to make polyureas (Section 26.3d). 


J 
R—N—C—O + R'—NH, —> RNH—C—NHR’ 


EXERCISE 28.9 


Propose a reasonable mechanism for the reaction between phenylisocyanate and 1- 
aminobutane to form Mbutyl-N-phenylurea. 


———————————————————— 


The guanidinium ion, which is the side chain functional group in the amino acid argi- 
nine, is also a good steric match for the carboxylate ion, and it carries a positive charge. 
This feature leads to exceptionally strong interactions between guanidinum (41) and 
carboxylate (—-1) ions. 
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Guanidine 


Many enzymes use the guanidinium ion of arginine to bind substrates with phosphate 
groups, too. 


EXERCISE 28.10 


Illustrate the noncovalent binding combinations of an alkylphosphate ion, RO-POs?-, 
with the guanidinium ion and with urea. What types of interactions are important for 
each: hydrogen bonds, electrostatic attractions, dispersion forces, or some combination? 


— 


28.6 Recognition Using Hydrogen Bonds 


electrostatic (ion-ion) interaction. Furthermore, T-stacking interactions are present 
between the planar m-systems of the aromatic rings, resembling those in B-DNA (Sec- 


gen bonds would suffice, just as adenosine is recognized by pairing with thymidine dur- 
ing DNA replication. This type of binding is called Watson-Crick base pairing. An 
alternate scheme is possible, called Hoogsteen base pairing, which utilizes the C6-amino 
group of adenine, along with N7, instead of N1. 
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has become an important consideration in the design of host systems, adding to the 
ideas of complementarity and preorganization. 

Simply stated, convergent functionality makes use of two (or more) functional 
groups aimed at a binding site, or cleft, within a host structure to recognize or bind 
more than one structural feature of the guest molecule. The di(urea) host described 
previously (Section 28.6a) is one example of a host with convergent functionality. 

А common scaffold that has been used to attach functional groups is all cis-1,3-5- 
trimethyl-1,3,5-cyclohexanetricarboxylic acid, a compound known as Kemp’s triacid. 
This molecule exists in the conformation that has all of the carboxylic acid groups in 
the axial positions. When heated with 1 equiv of an amine, the N-substituted imide 
group is produced from two of the acid groups. 


соон COOH Y 


COOH 
RNH2, А 
—— 


Kemp's triacid 


If a rigid diamine reacts with Kemp’s triacid, then the natural arrangement of 
functional groups will orient the two remaining carboxylic acid groups toward one an- 
other. With a small spacer such as the mphenylene group, receptor 1 can be made, in 
which the carboxylic acid groups form hydrogen bonds as they do in solution. If the 
spacer is larger, as in 2, then the two acidic groups converge on the interior of a cleft 
created by the scaffold structure. Functional groups and heteroatoms can be incorpo- 
rated to provide additional binding groups, as in 3. 
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which has one recognition point; pyrazine (two recognition points); and purine (three 
recognition points). Which guest will be bound most strongly? Most weakly? 


28.6 Recognition Using Hydrogen Bonds 


So how can hosts with convergent functionality be used to bind heterocycles such 
as adenine? Heating Kemp's triacid with urea (which decomposes to produce ammo- 
nia) yields the imide derivative, 4. 
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Kemp's triacid 4 


With its N-H and carbonyl groups, an imide furnishes the same hydrogen-bond donor 
and acceptor pattern as thymine (Fig. 28.5), so 4 should pair with adenine to form spe- 
cific hydrogen bonds. If the carboxylic acid group of 4 is subsequently converted to an 
amide derivative, then hosts such 5 can be made. 


н H R 
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Analogues of host 5 have been used to assess the importance of the t-stacking in- 
teractions for recognition. A comparison among a series of hosts that provide the same 
hydrogen-bond patterns but different sized л systems shows that larger aromatic groups 
lead to enhanced binding of 9-ethyladenine (shown in color). The binding constant K, 
decreases as the area of the л system shrinks. 


Et Et 
"A / Et ft 
Г re rN ry 
N N N N 
6 Г н Zhi Orn 
H H H | 
YAYA "wy 
T a iA À 
В * : E | H | 
м O NH м о N H E 
a / М/ О, УШ à N AM oN о 
rio t Cio © С c Vira 4 
сё c^ c7? С (zo 
K,=440 M^ K,=220 M^ K,=100 M^ K, 750 M7' 
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If 2,7-diaminonaphthalene is condensed with compound 4, then host 6 can be 

made, which has convergent imide functional groups. Employing a combination of 

Watson-Crick and Hoogsteen hydrogen bonds, host 6 (in black) binds гешуедешпе 

(shown in color) in chloroform solution with an association constant K,- 11 x 10 ,аѕ 

illustrated below. The naphthalene ring is important because it adds n-stacking inter- 

actions. This receptor is able to extract 1 equiv of adenine from water into chloroform, 

illustrating that appropriate recognition features can overcome the normal hydrogen 

HN NH; bonds that form between water and a water-soluble guest molecule. Other nucleotide 

bases like cytosine and guanine do not bind to this receptor because the hydrogen- 
bond patterns are not complementary. 


9-Ethyladenine 
NH PN D 
=== 
с А M NH 
m ee 
Na 


2,7-Diaminonaphthalene 


o 

a Osc- 

c&n Ме 
с м oe г 
н ССС Оо 
So СЕЕ uc 

Watson-Crick Hoogsteen : 
hydrogen bonding hydrogen bonding 


| EXERCISE 28.12 
Draw a structure to show how the following host can be used to recognize and bind 


thymine. Hydrogen bonds and z-stacking are both important. How would you prepare 
this receptor from 2,7-naphthalenediol, any ester, and any pyridine derivative? 


CHAPTER SUMMARY 
Section 28.1 Nucleosides and nucleotides 

* Nucleosides are molecules in which a heterocyclic base is attached to the 
anomeric carbon atom of D-ribose or 2-deoxy-D-ribose. 

* Nucleotides are nucleosides that have phosphate groups attached to the OH 
group bonded to C5 of the carbohydrate. 

e The heterocycles in nucleosides are derivatives of pyrimidine and purine, and 
are called adenine, cytosine, uracil, guanine, and thymine. 

* For heterocycles that have an OH group attached to the carbon atom adjacent 
to a nitrogen atom, the keto form (a lactam) is generally more stable than the 
enol form (a lactim). 


Chapter Summary 


* A nucleoside is prepared in the laboratory by treating a heterocycle with a de- 
rivative of ribose (or 2-deoxyribose) that readily forms a cation intermediate; the 
mechanism is similar to that involved in acetal formation by carbohydrates, and 
the bond between nitrogen and the sugar is called the glycosidic bond. 

* Nucleic acids are made by coupling the 3-ОН group of a nucleotide with the 
phosphate group attached to C5' of another nucleotide. 

* The biosynthesis of nucleic acids is an enzyme-catalyzed process that makes use 
of nucleotide triphosphate building blocks. An intermediate is formed that has 


a five-coordinate phosphorus atom, and a pyrophosphate ion is displaced from 
the intermediate to create the phosphodiester link. 


Section 28.2 Nucleic acid structures 

* The sequence of a nucleic acid is given by listing, in order, the nucleosides, start- 
ing at the end with the 5-phosphate (or OH) group. 

* The compounds DNA and RNA exist in several forms, many of which have two 
strands that associate by formation of hydrogen bonds between complementary 
pairs of heterocyclic bases. The nucleoside A forms hydrogen bonds with T (or 
U), and C forms hydrogen bonds with G. 


Section 28.3 Molecular recognition 


* Molecular recognition refers to the specific interactions between two or more 
molecules that result from noncovalent interactions such as hydrogen bonds 
and forces between ions, dipoles, and induced dipoles. 

* Host-guest chemistry is aimed at understanding how one molecule (the host) 
binds another (the guest) to form a complex. 


Section 28.4 Crown ethers and cryptands 
* Crown ethers and cryptands are molecules that bind ions, using size and charge 
to recognize and to differentiate them. 
* Crown ethers and cryptands are readily made by substitution reactions. 
* Preorganization allows a host molecule to circumvent entropy changes during 
binding and recognition. 


* Some antibiotics function in the same way as crown ethers, by binding ions ac- 
cording to size and charge. 


Section 28.5  Cavity-containing molecules 


* Cavity-containing molecules that are cyclic oligomers of benzene or carbohy- 
drate derivatives can be used to bind nonionic guest molecules on the basis of 
Size and dispersion forces. 


Section 28.6 Recognition using hydrogen bonds 


* Derivatives of urea and guanidine are used frequently in the construction of 
host molecules. These substances can form hydrogen bonds with guest mole- 
cules to differentiate them. 

* Carboxylic acids are readily differentiated because they form strongly direc- 
tional hydrogen bonds and anionic carboxylate ions. 

* Nucleoside bases can be recognized on the basis of their unique hydrogen- 
bonding proclivities. 

* Convergent functionality in a host molecule creates a site to which interacting 
groups, especially those that form hydrogen bonds, are directed, leading to 
specificity of structural recognition. 
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KEY TERMS 


Introduction Section 28.2c Section 28.4d 

phosphoester B-DNA ionophore 

Section 28.1a Section 28.3 Section 28.5а 

nucleoside host-guest chemistry cyclodextrin 
leotid receptor 

Rd i Section 28.5b 

Section 28.1b Section 28.4a cyclophane 
imidi ucleoside crown ether 

bise nude Section 28.6b 


purine nucleosides 
Section 28.4c 
preorganization 


convergent functionality 
Section 28.1d 
glycosidic bond 


REACTION SUMMARY 


Су, 


сос! 


Section 28.1d 


Nucleosides can be prepared from the reaction between a heterocycle and 1-O-acetyl- 
ribose derivatives with acid catalysis. 


Me, SiO. 
Ac P)O 
(P)O. ae Т) (Р) 0, 


О + MesSiCl 
SnCl, 


O(P) O(P) О(Р) O(P) 
(P) = protecting group 
Section 28.5a 


Crown ethers and cryptands are commonly prepared by substitution reactions between 
alkoxide ions and alkyl dihalides. 


"S 
(ө) о cl Сі Aq " 


Azacrown ethers and cryptands can be made by the reduction of amide derivatives with 
LiAlH4 or BHs. 


P ds as, OÈ 


=00= 2. њо? NH NH 
coc} NH, м, оос 
HN NH o 
о 
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ADDITIONAL EXERCISES 
28.18. Draw a structure for each of the following compounds: 


a. 6-Bromothymine b. N,NDDibenzylurea 
c. 2’Deoxycytidine-5’-monophosphate d. 8-Fluoroadenosine-5’-triphosphate 


e. 21-Crown-7 f. 2-Methoxyinosine 


28.14. Give an acceptable name for each of the following molecules: 


a. о b. 
О 
er "ow 
(0,POPO,)—0O o. № “м “мн, с. | A 
N^ ~n? “мн, 
H 
HO 
с а. е. о 
NH, о” 
T "Wen | HN | 
N 0=Р—0- 
A, O <I J | ST 
н.м ^N HO o. № “м о б, 
| HO 
HS SH HO 


28.15. Draw the full structure for each of the following oligonucleotides, showing all 
of the atoms: 


a. TGC b. AUU c. CCAT 


28.16. The nucleoside inosine is a common one in RNAs because it can form com- 
plementary hydrogen bonds with A, C, and U. Illustrate the hydrogen bonds that 
can exist between these pairs of bases (I-A, I--C, and IU). 


28.17. Two minor bases found in RNA are pseudouridine and I-methylinosine. Show 
how pseudouridine can form hydrogen bonds with adenosine. 


À. 1 
N^ ^NH eo^ 
S л 
но б о но o. № “м 
но он HO OH 
Pseudouridine 1-Methylinosine 


28.18. 5-Bromouracil can be incorporated into DNA during replication. After inclu- 
sion, it can create mutations in subsequent generations because sometimes it pairs 
with G instead of A. The reason is related to the fact thata higher proportion of the 
lactim tautomer is present. Draw the structure of 5-bromouracil and its lactim tau- 
tomer. Illustrate how the lactam forms satisfactory hydrogen bonds with A but the 
lactim tautomer forms better hydrogen bonds with G. 


| | 
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28.19. 7,9-Dimethylguanine is a zwitterion that exists as a 1:1 mixture of the overall 
neutral and overall +1 (i.e., protonated) forms at physiological pH. As a result, the 
compound exists in solution as a dimeric species linked by three hydrogen bonds. 
Illustrate the three hydrogen bonds that can exist between the two different forms. 


o CH; 
+ 
N^ | N 7,9-Dimethylguanine 
EN N Overall neutral form 
\ 
CH; 


28.20. Show how you would prepare the following crown ethers from any achiral 
compounds that have six or fewer carbon atoms: 


EL 07 t о C X 


d o 


28.21. Guanidinium carbonate condenses with dimethyl malonate to produce 4,6- 
dihydroxy-2-aminopyrimidine. Propose a reasonable mechanism for this reaction. 


NH, 


NH, vlr 


со2- CH4(COOCHj); N N 
ae 

HN H 3 

2 мн; |, ное хон 


28.22. Derivatives of guanine сап be made by reactions that you have learned previ- 
ously. Propose a mechanism for each step in the following sequence: 


d cl NH, 
A^ “у 1. Ман, DMF ^ “у NH;, CH,OH, А Л SN HONO, но 
< | P XR—B >? Y | gk > 4 | A = 
n N^ ^d ^ N* ^d М N* ^d 
R R 

о о 
M | NH NH;, CH,OH e | NH 
N s A 
/ N* ^d ^ N^ “Мн, 


R R 
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28.23. Of the two receptors X and Y, shown below, which one is expected to bind the 
guest molecule 2-aminopyrimidine better? Show for each receptor how the guest 
molecule binds. 


Í SS о Í SS | SS о Í SS 
aN N A ZN N, 4 
(ө) NH HN о О. NH HN [e] 
7 EET 
X Y 


28.24. Show how you would prepare receptor X in Exercise 28.23 from 2-bromo-6- 
methylpyridine and any other compounds, reagents, and solvents. 


28.25. Detection of creatinine can be used to diagnose conditions such as kidney fail- 
ure. The following receptor, A, as a zwitterion, was designed to bind creatinine 
specifically. The host-guest complex is a different color from that of the receptor 
itself, and this feature provides a way to measure the concentration of the metabo- 
lite in blood serum. Draw the three possible zwitterionic forms of receptor A. 
Which zwitterion can bind creatinine by forming three hydrogen bonds, two to the 
creatinine amino group and one to its imine nitrogen atom? 


о 
CH; N 
4 
NH; 
Creatinine A 


28.26. The following two receptors bind dihydrogen phosphate ion in preference to 
hydrogen sulfate, nitrate, or perchlorate ions. Illustrate how these receptors use 
four hydrogen bonds to recognize the dihydrogen phosphate ion. 


Ж Ж (О (О 
v АА D —— ДА АА 
о о 5 5 
U T 

28.27. Show how you would prepare receptor U in Exercise 28.26 from m-xylene and 


any other compounds with five or fewer carbon atoms. You may use any other 
reagents and solvents. 


988 CHAPTER 28 Nucleic Acids and Molecular Recognition 


28.28. Host A binds acetate ion ~ 10 times better than N,N-dimethylurea (1,3-DMU). A P P E N D | X 
Illustrate how compound A and 1,3-DMU each bind to acetate ion. 
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њено Y i comun SUMM ARY OF 
S. PREPARATIVE METHODS 


This section summarizes the chemical reactions by which common functional groups 
can be prepared. A brief description about the reaction is given, and reference is made 
to the section number where the discussion of that reaction is given. Most difunctional 
molecules are listed under the functional group with the higher priority (Table 1.1). 
Many of the synthetic methods for nitrogen-, phosphorus, and sulfur-containing mol- 
ecules that are prepared by only a single method are listed in the Index. Name reac- 
tions are included in the following list in bold type. 


Section 
Reaction Number 
Acetals 
Addition of alcohols to aldehydes and ketones 19.1b 
Addition of alcohols to vinyl ethers 19.2b 
Acid Chlorides 
Reaction of carboxylic acids with thionyl chloride 21.2c 
Alcohols 
Addition of water to alkenes 9.1c 
Enantioselective reduction of ketones 18.3b 
Oxidative hydrolysis of organoboranes 9.4c 
Hydrogenolysis of benzylic ethers 12.2а 
Hydrolysis of esters 21.4c 
Oxymercuration of alkenes followed by reduction with NaBH, 9.1f 
Reactions between organocuprate reagents and epoxides 15.3b 
Reactions between Grignard reagents and epoxides 15.2c 
Reactions between organometallic compounds and aldehydes or ketones 18.2c 
Reactions between organometallic compounds and esters 21.7c 
Reduction of aldehydes and ketones using metal hydride reagents 18.3a 
Reduction of carboxylic acid derivatives using metal hydride reagents 21.8a 
Ring-opening reactions of epoxides with nucleophiles 7.2e 
Solvolysis of alkyl halides or alkyl sulfonate esters using water 6.2a 
Substitution reactions of alkyl halides using hydroxide ion 6.3a 
Aldehydes 
Alkylation of enamines followed by hydrolysis 20.3b 
Oxidative hydrolysis or alkenylboranes 9.4c 
Hydrolysis of acetals 19.1d 
Hydrolysis of compounds with C=N bonds (imines, hydrazones, oximes) 20.1¢ 
Hydrolysis of vinyl ethers 19.1c 
Hydrolysis of thioacetals 19.2c 
Oxidation of diols using NalO4 11.3d 
Oxidation of alkenes using OsO4 and NalO4 (Lemeiux-Johnson cleavage) 11.3d 


Oxidation of primary alcohols with DMSO and oxalyl chloride (Swern oxidation) 11.40 


A-1 


A-2 


APPENDIX Summary of Preparative Methods 


Reaction Number 
Aldehydes (cont.) 
Oxidation of primary alcohols with metal oxides 11.4c 
Oxidation of primary alcohols with high-valent iodine compounds 11.4d 
Ozonolysis of alkenes followed by reductive workup 11.3b 
Reactions between organometallic compounds and formamide 21.7b 
Reduction of acid chlorides with metal hydride reagents 21.8c 
Alicyclic compounds 
Alkylation of an active methylene compound with a dihaloalkane 22.4b 
Cationic cyclization reactions of alkenes 9.3d 
Conjugate addition reactions followed by the aldol reaction 

(Robinson annulation) 24.3c 
Cyclopropanation with carbenoid reagents 9.5a 
Cycloaddition reactions between dienes and alkenes (Diels-Alder reaction) 10.4b 
Free radical cyclization of an unsaturated alkyl halide 12.3c 
Hydrogenation of aromatic compounds 17.1a 
Intramolecular diester condensation (Dieckmann cyclization) 23.3c 
Alkanes 
Desulfurization of sulfides and thiols using Raney nickel 12.2b 
Hydrogenation of alkenes 11.2a 
Hydrogenation of alkynes 11.2b 
Hydrogenolysis of benzylic alcohols, ethers, and halides 12.2a 
Protonolysis of organoboranes using carboxylic acids 9.4d 
Protonolysis of organometallic compounds 15.2b 
Reactions between organocuprates and organohalides 15.3b 
Reduction of aldehydes and ketones (Clemmensen reduction) 18.3e 
Reduction of aldehydes and ketones (Wolff-Kishner reaction) 20.1e 
Reduction of aldehydes and ketones via thioacetal derivatives 19.2c 
Reduction of alkyl halides using tributyltin hydride 12.2d 
Alkenes 
Coupling of haloalkenes with organoboranes (Suzuki coupling) 15.3f 
Dimerization reactions of alkenes 9.3a 
Elimination of HX from alkyl halides (dehydrohalogenation) 8.2a 
Elimination of water from alcohols (dehydration) 8.1a 
Hydrogenation of alkynes using a poisoned catalyst 11.2b 
Protonation of alkenylboranes using a carboxylic acid 9.4d 
Reactions of organocuprates with haloalkenes 15.3b 
Reactions of phosphorus ylides with aldehydes and ketones (Wittig reaction) 20.4b 
Reduction of haloalkenes with tributyltin hydride 12.2d 
Reduction of alkynes using Li or Na in liquid ammonia 

(dissolving metal reduction) 12.2c 
Alkyl halides 
Cleavage of ethers using HBr, HI, or iodotrimethylsilane 7.2d 
Electrophilic addition of HX to alkene x bonds 9.1b 
Free radical addition of HBr to alkene x bonds using peroxides 12.3a 
Free radical bromination of alkanes using NBS 12.1f 
Free radical bromination and chlorination of alkanes using X2 12.1e 
Substitution of alcohol OH groups using HX 7.1a 
Substitution of alcohol OH groups using РВгз or SOCI; 7.1c 
Aryl halides 
Halogenation of benzene and its derivatives 17.2b 
Reaction of aryl diazonium ions with CuX and KX 17.4c 
Alkynes 
Alkylation of alkyne carbanions with alkyl halides 15.2f 
Elimination of HX from dihaloalkanes or haloalkenes (dehydrohalogenation) 8.2e 


APPENDIX Summary of Preparative Methods 


Section 

Reaction Number 
Allylic alcohols 
Reduction of o,,B-unsaturated carbonyl compounds using metal hydride 

reagents 24.4а 
Reduction of «,B-unsaturated carbonyl compounds via catalytic hydrogenation 24.4b 
Amides (carboxamides) 
Alkylation of carboxamides 22.5a 
Partial hydrolysis of nitriles 21.6 
Reaction of amines with acid chlorides 21.3a 
Reaction of amines with anhydrides 21.3b 
Reaction of amines with esters 21.4b 
Rearrangements of oximes (Beckmann rearrangement) 20.1d 
Amines 
Alkylation of ammonia or amines with alkyl halides 6.3d 
Aminoalkylation of carbonyl compounds (Mannich reaction) 24.1b 
Hydrolysis reactions of amides 21.5a 
Hydrolysis reactions of enamines 20.3b 
Hydrolysis reactions of imines 20.1c 
Hydrolysis of phthalimide derivatives (Gabriel reaction) 22.5c 
Reaction of carboxamides with Br? and OH (Hofmann rearrangement) 22.5b 
Reduction of alkyl azides 11.2c 
Reduction of amides 21.8b 
Reduction of imines 20.2a 
Reduction of nitriles 11.2c 
Reduction of nitro compounds 11.2c 
Reduction of oximes 20.2a 
Reductive amination of aldehydes and ketones with NaBH3CN 20.2a 
Amino acids 
Hydrogenation of enamides (enantioselective) 27.3d 
Reaction between aldehydes and ammonium cyanide (Strecker synthesis) 27.2a 
Arenes 
Alkylation of arenes (Friedel-Crafts alkylation) 17.2e 
Coupling of aryl halides with organoboranes (Suzuki reaction) 15.3f 
Coupling of ary! halides with organocuprate reagents 15.3b 
Hydrogenolysis of benzylic alcohols, ethers, and halides 122a 
Reduction of diazonium ions using hypophosphorus acid 17.4c 
Carboxylic acids 
Alkylation of malonic ester followed by hydrolysis and decarboxylation 22.4b 
Cleavage of methyl ketones with halogen and base (Haloform reaction) 22.2c 
Decarboxylation of B-diacids 22.4c 
Hydrogenation of o, --unsaturated carboxylic acids (enantioselective) 16.4b 
Hydrolysis of esters 21.4с 
Hydrolysis of carboxamides + 21.5a 
Hydrolysis of nitriles 21.6 
Oxidation of alkyl benzene derivatives 17.4a 
Oxidation of primary alcohols 11.4c 
Oxidation of aldehydes 18.4a 
Ozonolysis of alkenes followed by oxidative workup 11.3b 
Reaction of organometallic compounds with carbon dioxide 15.2b 
B-Dicarbonyl compounds 
Alkylation of active methylene compounds 22.4b 
Carboxylation of enolate ions 23.4b 
Self-condensation of esters (Claisen condensation) 23.3a 
Condensation reactions of esters with enolate ions 

(crossed-Claisen condensation) 234a 
Conjugate addition reactions using active methylene compounds 

(Michael reaction) 24.3a 


A-3 
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A-4 APPENDIX Summary of Preparative Methods APPENDIX Summary of Preparative Methods А-5 
Section 5 
7 Section 
Reaction Number Reaction Number 
_—————————————————_— 
gem-Dihaloafkanes 
Sn Ketones (cont.) 
Addition of HX to alkynes 9.2a ult ү i 
: Е Я Oxidation of diols using NalO4 11.3d 
Cyclopropanation with dichlorocarbene 9h Oxidation of alkenes using OsO4 and NalO, (Lemeiux-Johnson cleavage) 11.3d 
vic-Dihaloalkanes Oxidation of secondary alcohols with DMSO and oxalyl chloride 
Addition of X» to. alkenes 9.1d (Swern oxidation) 11.4b 
Addition of X to iuaated di 103a Oxidation of secondary alcohols with metal oxides 11.4c 
Ion OF ^; to conjugated dienes г Oxidation of secondary alcohols with high-valent iodine compounds 11.44 
1,2-Diol Ozonolysis of alkenes followed by reductive or oxidative workup 11.3b 
Re à ies öf alkenes with osmium tetroxide 113c Reaction between organometallic compounds and acid chlorides 21.7a 
Reaction of alkenes with osmium tetroxide (enantioselective) 164e Reaction between organometallic compounds and tertiary amides 21.76 
Ring-opening reactions of epexides using water 7.2e Reduction of o,B-unsaturated ketones 24/6 
Epoxides jode of HCN to aldehydes and ketones (cyanohydrin formation) 18.2a 
Addition-eliminatiom reactions of sulfur ylides with aldehydes or ketones 20.4e Conjugate addition reactions with acrylonitrile 24.2с 
Reaction of alkenes with ketones and persulfate ion (enantioselective) 16.4d Сш addition of HCN to scl ee alkenes 24.2c 
Reaction of aikenes with МаО© and Мп(Ш) compounds (enantioselective) 16.4d D E ч; ti f pri id 21.6 
Reaction of alkenes with peracids 11.3e Bed ron ot primary amides 20.1d 
os Кан uci be РЕМ TOROS Ni т beteen cyanide ion and alkyl halides 6.1c 
eaction of о,В-ипзаїига exonas with пусгодеп peroxide aridibase Reaction of aryl diazonium compounds with CuCN and KCN 17.4c 
Esters " 
Alkylation of esters via their enolate derivatives 22.3d ви and its derivatives 17.2¢ 
Conjugate addition of ester enolates with a, B-unsaturated carbonyl compounds 24.3b Oxidation of primary amines 115 
Conjugate addition reactions of organocuprates with a, B-unsaturated esters 24.3d P у t 
Oxidation of ketones with peracids (Baeyer-Villiger reaction) 18.4b Organoboranes 
о n dd with carboxylic acids under Mitsunobu reaction 71d Addition of borane and its derivatives to alkenes 9.4a 
Reaction of carboxylic acids with alcohols (esterification) 212a коо borane к= to alkynes ue 
Reaction of carboxylic acids with diazomethane 21.4a У à 
Reaction of esters with alcohols (transesterification) 21.4e : 
sor Н B : Organometallic compounds 
Reaction acid chlorides with alcohols 21:38 Acid-base reactions between terminal alkynes and КМХ ог RLi 15.2f 
Ethers Reaction of organolithium compounds with copper(I) salts 15.3a 
, А 4 Reaction of organohalides with lithium metal 15.2e 
Dehydration of primary alcohols 8.24 Е Н : М i 
Substitution reactions between alkyl halides and alcohols (51 reaction) 6.2a Reaction of organohalides with magnesium metal (Grignard reagents) 15.2a 
Substitution reactions of alkyl halides with alkoxide ions Phenols 
(Williamson synthesis) 7.2b f : А " à 
бише i i iai Cleavage of phenol ethers using HBr, HI, or iodotrimethylsilane 7.2d 
Substitution reactions between nitrohalobenzenes and alkoxide ions 17.4e Reactions of aryl diazonium ions with water 17 Ac 
Hal 5 
рне m to alkynes 82а Sulfur and selenium compounds 
iminati сы | Phenylselenation of enolate ions 22.3b 
Elimination of HX from gem- os vic-dihaloalkanes 82e Mitsunobu reaction between alcohols and SH containing compounds 7.1d 
vic-Halohydrins t Substitution reactions between alkyl halides and alkylthiolate ions 7.3a 
Addition of Х and water to alkenes 9.1e 
i н о,В-Опѕаїигаќеа carbonyl compounds 
Reaction between epokides ang НХ ге Co-condensation reactions of aldehydes and/or ketones (aldol reaction) 23.1a 
Ketones Condensation reactions of ketones with aldehydes (crossed aldol reaction) 23.2a 
Acylation of benzene and its derivatives (Friedel-Crafts acylation) 17.2e canan Here delve of enolates with aldehydes or ketones 232b 
Addition of water to alkynes 92b " ( directed aldol reaction) p 
Alkylation of enamines followed by hydrolysis 20.3b Elimination of PhSeOH from o-phenylselenyl carbonyl compounds T 22.3b 
Alkylation of ketone enolate ions 22.3a Elimination of PhSeOH from compounds formed via conjugate addition 
Alkylation of ketone enolate ions formed by conjugate reduction of enones 24.44 ЕҢ е ines f Mannich b Mire 
Alkylation of ethyl acetoacetate followed by hydrolysis and decarboxylation 224b He en or amines tam Mannie gases, i Ы 
Conjugate addition reactions of ketone enolates 243Ь Horner-Emmons reaction of phosphonate ylides with aldehydes or ketones 20.4d 
Conjugate addition reactions of nucleophiles with o, B-unsaturated ketones 24.2c 
Conjugate addition reactions of organocuprates with «,B-unsaturated ketones 24.3d 
Decarboxylation of B-keto acids 22.4c 
Hydrolysis of acetals 19.1d 
Hydrolysis of compounds with C=N bonds (imines, hydrazones, oximes) 20.1¢ 
Hydrolysis of vinyl ethers 19.1c 


Hydrolysis of thioacetals 19.2c 


| 
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GLOSSARY 


Definitions of the boldfaced terms appearing in the text are listed here followed in 
parenthesis by the section number in which the term first appears. The names of the 
common functional groups, specific named reagents, and name reactions (see Section 
5.1a) have not been included here, but can be found in the Index. Terms that begin 
with a numeral, symbol, or Greek letter are listed according to the first letter of the first 
English word. For example, "1,2-addition" is listed under A before the other terms be- 
ginning with the word "addition," "4n + 2 rule" is listed under R as “rule,” and “л anti- 
bond" is listed under A before other terms beginning with “antibond.” 


A 

acetal A functional group that has two OR groups attached to a single carbon 
atom (19.1b). 

acetyl coenzyme A A molecule used in biochemical systems to carry and transfer 
the acetyl group (21.3c). 

achiral A term used to describe a substance that is superimposable on its mirror 
image (4.22). 

active methylene compound A compound that has a CH» group bonded to two 
electron-withdrawing groups (22.42). 

active site The portion of an enzyme in which catalysis of a chemical reaction 
occurs (5.5c). 

acyl group A substituent of the form R-C-O that is attached via its carbonyl car- 
bon atom (21.1b). 

1,2-addition A process in which addition occurs to a single t bond of a conju- 
gated system (10.32). 

1,4-addition See conjugate addition (10.3a). 

addition polymerization A process of forming polymers in which the reactive 
intermediate adds in each step to the t bond of a monomer molecule (26.22). 

addition reaction A type of chemical transformation in which a л bond is broken 
and new sigma bonds are formed (5.1b). 

addition—elimination reaction A process that occurs by addition to a п bond fol- 
lowed by the loss of a group to regenerate a x bond (21.1c). 

aldaric acid A carbohydrate derivative in which the first and last carbon atoms in 
the chain are carboxylic acid groups (19.5b). 

alditol A carbohydrate derivative in which each carbon atom is attached to an 
OH group (19.52). 

aldonic acid A carbohydrate derivative in which the original aldehyde group has 
been oxidized to form a carboxylic acid group (19.5b). 

aldose A carbohydrate that has the aldehyde group (19.32). 

alicyclic A term indicating that a molecule has one or more rings, but lacks the 
conjugated л bonds that characterize an aromatic compound (1.32). 

aliphatic compounds Molecules having hydrocarbon chains that usually contain 
portions of carbon atoms with four single bonds (1.32). 

alkane An aliphatic hydrocarbon molecule that has only single bonds between 
carbon atoms (1.3a). 

alkene An aliphatic hydrocarbon molecule that has at least one C=C double 
bond (1.3b). 

alkenyl carbon atom The carbon atom in an alkene that forms a double bond 
with the adjacent carbon atom; also called a vinyl carbon atom (1.4c). 

alkoxy group A substituent that consists of an alkyl group attached to an oxygen 
atom (1.4b). 
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alkyl group A substituent formed by removing an H atom from an alkane (1.4b). 

alkyl sulfonate ester А molecule of the form ROSO3R' in which R’ is an alkyl 
group and R is another organic group (7.1b). 

alkyne An aliphatic hydrocarbon molecule that has at least one C=C triple bond 
(1.3b). 

alkynyl carbon atom The carbon atom in an alkyne that forms a triple bond with 
the adjacent carbon atom (1.4c). 

alternating copolymer A polymer derived from two different monomers that has 
the regular sequence —ABABABAB— (26.1b). 

anionic polymerization A process of forming polymers that is initiated bya 
species bearing a negative charge (26.2e). 

annulenes Cyclic molecules with alternating single and double bonds (17.1c). 

anomers Stereoisomers of the cyclic forms of a carbohydrate that differ in the 
configuration at the hemiacetal or acetal carbon atom (19.3b). 

anomeric carbon atom The hemiacetal or acetal carbon atom of a carbohydrate 
in its cyclic form (19.3b). 

anti-addition The reaction stereochemistry associated with adding two incoming 
groups to opposite faces of a C=C double bond; also called trans-addition (9.1d). 

antiaromatic An planar annulene that has 4, 8,12 . . . (4n) t electrons (17.1c). 

с antibond The mathematical cancellation of wave functions for orbitals oriented 
along the line between two nuclei (10.22). 

п antibond The mathematical cancellation of wave functions for р orbitals that 
would correspond to a л bond (10.2c). 

antibonding molecular orbital The wave function formed by subtracting one 
atomic orbital wave function from another (10.22). 

antiperiplanar conformation The staggered conformation of a compound in 
which the largest substituents attached to adjacent carbon atoms are as far apart as 
possible (3.1c). 

Ar The abbreviation for a substituent that is derived from an aromatic compound 
(1.3c). 

arene A synonym for an aromatic compound (1.32). 

aromatic compound A planar annulene that has 2, 6, 10... (4n + 2) п electrons 
(1.3a; 17.1b). 

aromaticity The property of certain annulenes that confers a special stability to 
the molecule (17.1b). 

aryl carbon atom Any carbon atom in the ring of an aromatic compound that 
contributes a р orbital to form the m system (1.4c). 

aryne A reactive derivative of an aromatic compound that has a triple bond 
within the ring (17.4). 

asymmetric carbon atom See chiral carbon atom (4.22). 

asymmetric reaction A reaction that produces an enantio-enriched product from 
an achiral starting material, usually with involvement of a chiral reagent or catalyst 
(16.1c). 

atactic A polymer with chiral carbon atoms that are randomly oriented along the 
polymer chain (26.1d). 

atom economy A term referring to the amount of the reactant atoms that appear 
in the product molecule(s) ( 15.5a). 

axial bonds The bonds in a cyclohexane derivative that point straight up or down 
when the ring is drawn in its chair form (3.2b). 

azoles Five-membered ring heterocycles that contain two heteroatoms, one of 
which is nitrogen (25.4a). 


Baeyer strain The energy stored in three- and four-membered rings that results 
from compressing the tetrahedral bond angles below their normal ranges (3.2a). 

base peak The peak in a mass spectrum with the highest relative intensity value 
(14.2a). 
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B-DNA The common double-stranded form of DNA (28.2c). 

benzyne A reactive intermediate, C6H4, that has a triple bond between two adja- 
cent carbon atoms of the benzene ring (17.4). 

bimolecular A term describing the kinetic profile of a reaction in which the rate 
is dependent on the concentration of two reactants (6.1d). 

biotin A coenzyme involved in carboxylation reactions (23.4c). 

block copolymer A polymer made of two or more monomers in which the repeat- 
ing units appear in grouped sequences: —AAAAAAABBBBBBBAAAABBBBB— 
(26.1b). 

boat conformation A term used to describe the conformation of cyclohexane 
and its derivatives in which two opposite vertices of the six-membered ring are 
bent toward each other (3.2c). 

bond dissociation energy The energy required for a bond to undergo homolysis 
(12.1b). 

bonding molecular orbital The wave function formed by the additive combina- 
tion of one atomic orbital wave function with another (10.2a). 

branched polymers A polymer in which the backbone chain has other carbon 
atom chains attached (26.2c). 

bridged bicyclic compound A molecule with two rings in which each ring shares 
at least three atoms (3.4c). 

bridgehead carbon atom The atoms in a bridged bicyclic compound that are 
connected by the carbon atom chains creating the rings (3.4c). 

broad-band decoupling А technique used to record 1C NMR spectra in which 
a second radio frequency is used to saturate the nuclei of the protons; the result- 
ing spectrum has only singlet peaks that correspond to each carbon atom type 
(13.5c). 

Brensted-Lowry acid A substance that is a proton donor (5.22). 

Brensted-Lowry base А substance that is a proton acceptor (5.22). 

Buckminsterfullerene A closed sphere module composed only of carbon atoms; 
this term usually refers specifically to the substance Ceo (25.14). 


C 

Cahn-Ingold-Prelog convention The system by which atoms and groups are as- 
signed priorities that are subsequently used to assign the configurations of alkene 
double bonds and stereogenic centers (4.1b). 

carbamate A functional group with the general formula RNH-CO-OR’ (26.3d). 

carbanion A negatively charged species having a carbon atom with three attached 
groups and an unshared pair of electrons (2.5e). 

carbene A neutral species having a carbon atom with two attached groups and an 
unshared pair of electrons (2.5e). 

carbocation A positively charged species having a carbon atom with three 
attached groups and no other electrons on the carbon atom (2.5e). 

carbohydrate Any of a number of polyhydroxy aldehydes or ketones with the 
general formula C,,(H»O),, (19.32). 

carbonyl group The molecular fragment comprising the C-O double bond 
(1.8c). 

carbonyl transposition A process that results in the movement of a carbonyl 
group from one position to the adjacent position (22.2b). 

carboxylation A chemical process in which carbon dioxide is incorporated into a 
molecule's structure (23.4b). 

catalyst A substance that increases the rate of a chemical reaction, but is not con- 
sumed during the process (5.1a). 

cationic polymerization A process of forming polymers that is initiated by a 
Species bearing a positive charge (26.2b). 

chain growth polymerization See addition polymerization (26.22). 

chair conformation А term used to describe the lowest energy structure of cyclo- 
hexane and its derivatives (3.2b). 
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chemical shift In NMR spectroscopy, the frequency of electromagnetic radiation 
that causes resonance of the nuclear spin with the precession frequency created by 
an external magnetic field. This quantity is expressed as an arithmetic difference 
with respect to the frequency of the protons or carbon atoms of tetramethylsilane 
(13.1c). 

chemoselectivity The discrimination displayed by a specific reagent in its reac- 
tions with different functional groups (11.22). 

chiral The property of a substance that makes it not superimposable on its mirror 
image (4.22). 

chiral auxiliary A compound used to react with either a reagent or substrate to 
make it chiral, enabling an enantioselective reaction to occur (27.32). 

chiral carbon atom A carbon atom with four different groups attached—also 
called an asymmetric carbon atom or a stereogenic carbon atom (4.22). 

chiral pool The collection of chiral substances occurring in Nature that provide 
starting materials for the preparation of chiral molecules without resorting to reso- 
lution or enantioselective reactions (16.1а). 

cis isomer The structural form of an alicyclic compound in which two specified 
groups are on the same side of ring (3.3d). Also, the structural form of a C=C dou- 
ble bond in which two protons—each attached to the separate carbon atoms—are 
on the same side of the bond connecting the carbon atoms (4. 1a). 

cis-addition The reaction stereochemistry associated with adding two incoming 
groups to the same face of a C=C double bond; also called syn-addition (9.4b). 

citric acid cycle The series of chemical reactions that take place in many living 
organisms during aerobic metabolism; also called the Krebs cycle (11.4e). 

codon The triplet sequences of DNA that encode the amino acid sequences of 
proteins (27.1a). 

coenzyme An organic molecule that is required along with an enzyme to carry 
out a biochemical transformation (11.4e). 

coenzyme A The coenzyme employed in biochemical systems to transfer, biosyn- 
thesize, and metabolize acyl groups (21.3c). 

concerted A term describing chemical processes in which bonds are made and 
broken simultaneously as reactants are converted to products (6.3а). 

condensation polymer A polymer formed by reactions between two functional 
groups, which is accompanied by the expulsion of another molecule, usually water 
(26.82). 

condensed structure A shorthand notation for structural formulas that makes use 
of lines, angles, and polygons to indicate the carbon atom positions (1.22). 

configuration The three-dimensional arrangement of groups attached to a stere- 
ogenic center (4.2a). 

conformation The instantaneous orientation of the atoms in а molecule that 
results from rotations about carbon-carbon с bonds (3.1a). 

conformer Any specific spatial arrangement at a given instant for a molecule that 
can exist in multiple orientations related by rotations about C-C 6 bonds (8.1a). 

conjugate acid The acid, HA, that corresponds to a given base, A^ (5.2a ). 

conjugate addition A process whereby a species reacts at the carbon atom on the 
end of a four-atom unit with the general structure C-C-C-O or C=C-C&N; also 
called 1,4-additon or Michael addition (Introduction to Chapter 23). 

conjugate base The base, A^, that corresponds to a given acid, HA (5.22). 

conjugated double bond A structural unit comprising the C-C double bond sepa- 
rated by a single bond from another m-bonded pair of atoms (10.1b). 

constitutional isomers Compounds with the same molecular formulas that differ 
in the connectivities between their atoms (1.42). 

convergent functionality Two or more functional groups that are oriented toward 
a common point in space, usually a cavity or cleft within a molecule's structure 
(28.6b). 

copolymer A polymer that is formed from the reactions between at least two dif- 
ferent molecules (26.1b). 


GLOSSARY G-5 


coupling constant, J The value in hertz (Hz) that indicates the magnitude of the 
proton spin interactions between neighboring protons in an NMR spectrum 
13.2a). 
Nc. A group that connects two different molecular chains within the over- 
all structure of a protein or polymeric material (20.2b). 
crown ether A cyclic polyether molecule with a shape resembling a crown when it 
is viewed from the side (28.42). 
C-terminus The end of a protein chain that has the unlinked -COOH group 
5.5b). 
mou double bond A structural unit comprising the C-C double bond at- 
tached directly to another r-bonded pair of atoms (10.1b). 
cyanohydrin A molecule (or functional group) having an OH and a CN group 
attached to the same carbon atom (18.22). 
[4+2] cycloaddition A reaction between a reactant with four electrons and one 
with two electrons that results in formation of a five- or six-membered ring 
10.4b). 
кеа A derivative of D-glucose derived from starch that has six, seven, or 
eight carbohydrate rings connected head-to-tail to create a cylindrical shape 
(28.5a). 
cyclophane Cyclic molecules comprising two or more aromatic rings linked by 
sp^-hybridized carbon atoms or chains (28.5b). 
cyclopropanation The process whereby an alkene is converted to a three- 
membered cycloalkane (9.52). 


D 

dehydration The process whereby water is removed from a molecule (8.1а). 

dehydrohalogenation The process whereby HX (X = F, Cl, Br, or I) is removed 
from a molecule (8.22). 

delocalized A term indicating that electrons are distributed through л bonds 
among three or more atoms (2.7a). 

denaturation The process by which the higher levels of protein structures are 
disrupted (27.5b). 

DEPT !?C NMR spectra DEPT stands for distortionless enhancement by polariza- 
tion transfer, and these types of ІС NMR spectra are used to obtain data about the 
presence of СНз, CH», and CH groups in a molecule (13.54). 

deshielded The phenomenon in NMR spectroscopy indicating that the external 
magnetic field is not moderated by the electrons surrounding a particular nucleus 
as much as this same field might be offset by the electrons surrounding other nu- 
clei in the molecule (13.1c). 

deuterium exchange A process in which an acidic proton, usually one bonded to 
an oxygen atom, is replaced with deuterium by treating a compound with D20; 
used to detect OH protons bylooking at which absorption disappears in a proton 
NMR spectrum when рО is added to the analyte (13.3). 

dextrorotatory The property of a compound that rotates plane-polarized light in 
the clockwise direction (4.2b). 

diastereomer One of any pair of stereoisomers that are not enantiomers; the 
plural (diastereomers) refers to any two compounds that are stereoisomers and 
not enantiomers (4.3a). 

diastereotopic A term for two like atoms or groups indicating that the replace- 
ment of each of the groups separately will generate diastereomers (16.3b). 

1,3-diaxial interaction The through-space contact that occurs between axial 
groups attached to alternate carbon atoms in the chair form of cyclohexane deriv- 
atives (3.3a) 

diazonium compound A molecule having the №* group attached to a carbon 
atom (17.4b). 

dienophile An alkene, usually with an electron-withdrawing substituent, that 
reacts readily with a conjugated diene in the Diels-Alder reaction (10.4b). 
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dihedral angle When sighting along the bond between two atoms, the angle 
formed between two substituents attached to adjacent atoms; also called the tor- 
sional angle (3.1b). 

dipole The polarity difference that results from the unequal sharing of the elec- 
trons that constitute a bond (2.2a). 

downfield A term indicating a feature or region in an NMR spectrum that lies to 
the left of or has a larger chemical shift value than that of another feature or re- 
gion (13.1c). 


E 


eclipsed conformation A term describing the relationships between groups on 
adjacent saturated carbon atoms in which the groups are aligned (3.1b). 

elastomer A type of plastic that stretches without breaking and returns to its orig- 
inal shape and size when the stretching force is released (26.1c). 

electronegativity The property of an atom to attract electrons to itself (2.2a). 

electrophile Any species that is electron deficient (5.3b). 

electrophilic addition A mode of addition to т bonds that begins with the reac- 
tion of the Л electrons with an electrophile (9.1а). 

electrophilic aromatic substitution The process by which aromatic compounds 
undergo substitution in which the first step is the reaction between the ring and 
an electrophile, and the second step is regeneration of the aromatic л system 
(17.2a). 

electrostatic forces The attractive or repulsive influences that occur between 
species with full or partial positive and negative charges (2.8a). 

B-elimination A term describing the process in which groups are removed from 
adjacent carton atoms to form а л bond (8.2a). 

o-elimination A term describing the process in which two groups are removed or 
lost from the same carton atom to form a carbene species (9.5b). 

elimination reaction A type of chemical transformation that leads to formation of 
at bond (5.1b). 

enamine A molecule that has an amino group attached to a C=C double bond 
(20.32). 

enantiomer A stereoisomer that is nonsuperimposable on its mirror image (4.22). 

enantiomeric excess, ee A numeric value that quantifies the efficiency of an 
enantioselective reaction and is defined as the proportion of the major enanti- 
omer minus that of the minor enantiomer, expressed as a percentage (16.3c). 

enantiomeric resolution A process used to obtain a pure enantiomer from a 
racemic mixture that makes use of separation after forming diastereomeric deriva- 
tives (16.1c). 

enantioselective A term used to describe a reaction that produces an excess of 
one enantiomer relative to formation of its mirror image ( 9.14 ). 

enantiospecific A term used to describe a reaction that produces one enantiomer 
exclusively (9.1d). 

enantiotopic A term for two like atoms or groups indicating that the replacement 
of each of the groups separately will generate enantiomers (16.3b). 

endergonic A term describing the free energy of a process in which the products 
are less stable than the reactants (5.42). 

endocyclic A term meaning that a group or bond is inside a ring (8.1c). 

enediol A substructure with an OH group attached to each carbon atom of a C=C 
double bond (22.2b). 

enol ether A type of molecule having an OR group attached to a C=C double 
bond (19.1c). 

enol A type of molecule having an OH group attached to a C=C double bond 
(22.22). 

enolate ion The conjugate base of an enol (22.1d). 

enone A type of molecule having a ketone functional group conjugated with a 
С=С double bond (24.1b). 
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enzyme Normally a protein molecule that catalyzes a chemical reaction by binding 
the reactant molecules and stabilizing the transition state of the reaction (5.5a). 

epimerization A process in which the configuration of a single chiral center is 
inverted (19.3c). 

epimers Stereoisomers with two or more stereogenic centers that differ in their 
configurations at only a single center (19.3c). 

equatorial bonds The bonds in the chair forms of cyclohexane derivatives that point 
away from the center of the ring and lie roughly in the plane of the ring (3.2b). 

esterification The process of forming esters from carboxylic acids and alcohols 
(21.23). 

exergonic A term describing the free energy of a process in which the products 
are more stable than the reactants (5.4a). 

exocyclic A term meaning that a group or bond is outside of a ring (8.1c). 


F 

fingerprint region The portion of an IR spectrum that allows one to confirm the 
suspected structure of a molecule by the unambiguous match with absorption 
bands of known compounds (14.3b). 

Fischer projection The structural representation of an aliphatic compound in 
which the molecule's three-dimensional structure appears to have been flattened 
onto the plane of a page (4.4). 

formal charge The electronic charge calculated for an atom that accounts for the 
fact that its valence electrons have been redistributed in order to give neighboring 
atoms an octet of electrons (2.1b). 

fragmentation A process that results in the breaking of bonds when a molecule is 
subjected to the removal of electrons in the vacuum chamber of a mass spectrome- 
ter (14.22). 

free energy of activation The amount of energy that is required in order for reac- 
tants to come together to form products in a chemical process (5.42). 

functional group equivalents In a retrosynthetic analysis, the alternate functional 
groups that can be readily converted to the actual functional group that appears in 
the product of a synthetic procedure (15.4b). 

functional group region The portion of an IR spectrum in which generic absorp- 
tions associated with each functional group appear (14.3b). 

functional group A group of atoms, other than those connected by C-C and С-Н 
single bonds, that define the reactive portions of a molecule (1.1b). 

functional isomers Molecules with identical formulas that differ by the identities 
of the functional groups that are present (1.42). 

furanose The five-membered cyclic hemiacetal form of a carbohydrate formed by 
the addition of an OH group to the sugar's carbonyl group (19.3b). 

furanoside The five-membered cyclic form of a carbohydrate acetal (glycoside) 
formed by the addition of an OH group to the sugar's carbonyl group followed by 
substitution of the anomeric OH group with another heteroatom-containing sub- 
stituent (19.42). 

fused bicyclic compound A compound with two rings that share a common bond 
(3.4c). 


G 

gauche conformation The orientation between groups on adjacent carbon atoms 
in which the dihedral angle between them is 60? (3.1c). 

geminal A term denoting that substituents are attached to the same atom (8.2e). 

geminal coupling In proton NMR spectroscopy, the nuclear spin-spin interac- 
tions that occur between protons attached to the same carbon atom (13.22). 

geminal diol A molecule in which a carbon atom bears two OH group; also called 
a hydrate (18.2b). 

genetic code The correlation between DNA codons and the amino acids that 
each triplet sequence of nucleotides represents (27.12). 
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geometric isomer One of a pair of molecules with the identical molecular for- 
mula that differs from the other member of the pair by the spatial relationship of 
substituents attached to a C=C double bond or alicyclic ring (4.1a). 

Gillman reagent Ап organocopper compound with the general formula LiRgCu 
(15.3a). 

glycolysis The metabolic process by which carbohydrates are broken down into 
smaller molecules to provide energy for an organism (23.2c). 

glycoside The acetal derivative of a carbohydrate (19.4a). 

glycosidic bond The exocyclic bond between the anomeric carbon atom of a 
cyclic carbohydrate derivative and ап OR group or heterocycle (28.1d). 

graft copolymer & polymer derived from different monomers in which chains 
generated from one monomer have been attached to the chain prepared from the 
other mononaer (96.1). 

Grignard reagent Ап organomagnesium compound with the general formula 
RMgxX, where X is a halogen atom. (15.22). 


H 

halonium ion A reactive intermediate comprising a three-membered ring with 
one halogen and two carbon atoms that bears a positive charge on the halogen 
atom (9.1d). 

Hammond postulate A theory suggesting that the structure of a transition state 
should resemble the species (reactant, intermediate, or product) to which it is 
closest in energy (6.2c). 

Haworth projection A three-dimensional representation of cyclic carbohydrate 
structures in which the viewer is looking from slightly above at the front edge ofa 
five- or six-membered ring (19.3b). 

o-helix A regular conformation within protein structures formed by coiling of 
the polypeptide chain (27.5b). 

heme The iron derivative of protoporphyrin EX that functions to bind molecular 
oxygen in proteins such as myoglobin and hemoglobin (25.3a). 

hemiacetal A functional group in which an OH and an OR group are attached to 
the same carbon atom (19.1a). 

hemiaminal A functional group in which an OH and an amino group are 
attached to the same carbon atom (20.1a). 

Henderson-Hasselbalch equation A mathematical relationship that relates the 
degree of protonation with the relative acid strength of a functional group and the 
pH of the solution in which the particular molecule is dissolved (27.1b). 

heteroatom A term referring to any element besides carbon and hydrogen (1.1b). 

heterocycles A term referring to molecules that exist as rings and contain at least 
one heteroatom (17.1e). 

heterolysis A bond-breaking process that occurs by movement of the bonding 
electron pair to one of the atoms and results in the formation of a nucleophile 
and an electrophile (5.1c). 

higher order cuprate An organocuprate reagent of the general formula 
LigCu(CN)Rs, which is made by treating CuCN with an organolithium compound 
(15.3a). i 

high-resolution mass spectrometry An instrumental technique used to separate 
and detect ions that differ in mass by only thousandths or ten-thousandths of an 
amu (14.2b). 

homolysis A bond-breaking process that occurs by movement of one electron 
to each of the bonded atoms and results in the formation of two free radicals 
(5.1c). 

homopolymer A polymer that is prepared from a single monomer (26.1b). 

homotropic A term referring to three atoms or groups attached to a given carbon 
atom; the replacement of each of the atoms or groups separately will generate the 
same molecule (16.3b). 
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host-guest chemistry Тһе research field that focuses on understanding how a 
receptor can interact with another molecule in the absence of covalent bond for- 
mation (28.3). 

Hückel's rule The statement that a molecule is aromatic when it has a planar, 
uninterrupted, and cyclic л system that contains 4n + 2 electrons, where n = 0, 1, 2, 
3, 4, and so on. (17.1b). 

hybrid orbital A quantum mechanical concept that explains molecular shapes by 
the formation of bonds created from atomic orbitals that have been mixed with 
other atomic orbitals of similar energies (2.5a). 

hydrate See geminal diol (18.2b). 

hydration A reaction in which H3O adds to a 1 bond (9.1c). 

hydrazone A molecule with the C-N-NH? substructure, which is formed by the 
reaction between hydrazine and an aldehyde or ketone (20.1b). 

hydroboration A reaction in which a boron atom and a hydrogen atom add to a x 
bond (9.4a ). 

hydrocarbon Any molecule that contains only C and H (1.22). 

hydrogen-bond acceptor The component in a hydrogen bond that provides the 
unshared electron pair to attract the hydrogen atom (2.8b). 

hydrogen-bond donor The group, usually OH or NH, in a hydrogen bond that 
provides the hydrogen atom (2.8b). 

hydrogen bond A non-covalent interaction that results when an O-H or N-H 
group is close enough to a heteroatom, usually O or N, that an attraction exists 
between the unshared electron pair on the heteroatom and the nucleus of the 
hydrogen atom (2.8b). 

hydrogenolysis A process that uses Нә to cleave a sigma bond (12.22). 

hyperconjugation А phenomenon stating that electron donation from adjacent с 
bonds to the vacant f orbital of a carbocation stabilizes the electron-deficient car- 
bon center (6.2b). 


imine A derivative of an aldehyde or ketone in which the oxygen atom of the 
original carbonyl group has been replaced by the RN= group (20.12). 

inductive effect A term referring to electron-donating or -withdrawing influences 
that operate through sigma bonds and result from the electronegativity differ- 
ences between bonded atoms (5.2c). 

initiation The first step of a radical chain reaction that generates the free radicals 
(12.12). 

integrated intensity values In a proton NMR spectrum, the ratios of the relative 
numbers of protons that create the absorption signals (13.14). 

intermolecular A term referring to any influences that operate between mole- 
cules (2.8b). 

intramolecular A term referring to any influences that operate within a molecule 
(2.8). 

inversion of configuration A process in which the configuration of an atom is 
transformed into its mirror-image structure (6.9f). 

ionophore Any type of polyether molecule that is used to transport metal ions 
through cell membranes (28.4d). 

isocyanate A functional group with the -N=C=O structure (26.3d). 

isolated double bond А C=C double bond that is neither conjugated nor cumu- 
lated with another C-C double bond (10.1b). 

isomers A term referring to any set of molecules with the same molecular formu- 
las and differing in the connectivities or spatial arrangements of the constituent 
atoms (1.4a). 

isotactic A term for the stereochemistry of the stereogenic centers in a polymer 
in which all of the substituents are on the same side of a chain viewed in its zigzag 
conformation (26.1d). 
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isotope peaks The normally smaller lines in a mass spectrum that result from the 
masses of the minor isotopes of the constituent atoms (14.2а). 

TUPAC rules The system devised by the International Union of Pure and Applied 
Chemistry that specifies the names of chemical substances (1.3a). 


J 

J value See coupling constant, J (13.2a). 

K 

ketose A carbohydrate that contains the ketone functional group (19.3a). 
kinetic enolate Of the two enolate ions that can be formed from an unsymmetri- 


cal ketone, the enolate ion that is formed more rapidly (22.2f). 
kinetic resolution A process in which only one enantiomer of a racemic mixture 
reacts preferentially with a chiral catalyst or reagent (16.3d). 


L 

lactone A cyclic ester, which is formed when a molecule contains both carboxylic 
acid and alcohol groups (21.2b). 

Le Chatelier’s principle The postulate stating that the position of an equilibrium 
can be shifted by varying the concentrations of either reactants or products (5.4b). 

leaving group A group that is replaced by another in a polar substitution reaction 
(6.1a). 

levorotatory Тһе property of a compound that rotates plane-polarized light in 
the counterclockwise direction (4.2b). 

Lewis acid A substance that is an electron pair acceptor (5.2g). 

Lewis base A substance that is an electron pair donor (5.2g). 

Lewis structure Line structures that also include all of the unshared electron 
pairs (2.1а). 

localized A term describing the situation in which electrons are associated with a 
specific atom or are shared only by a pair of adjacent atoms (2.3a). 


M 


magnetic anisotropy A term used to describe the effects caused by localized mag- 
netic fields that are created by the bonding electrons in a molecule, especially 
those in л bonds (13.1с). 

magnetically equivalent A term referring to atoms or groups that experience 
identical influences when placed in an external magnetic field (13.1b). 

Mannich base A type of molecule formed by the reaction between a ketone, an 
aldehyde, and a secondary amine in which the amino group is bonded В to the 
ketone carbonyl group (24.1b). 

Markovnikov addition A term that describes the orientation of addition between 
alkenes and polar reagents in which the more electrophilic portion of the reagent 
becomes attached to the less highly substituted carbon atom of the original C=C 
double bond (9.1b). 

Markovnikov’s rule The statement that explains how polar reagents are oriented 
when they undergo addition to an alkene (9.1b). 

McLafferty rearrangement A type of fragmentation process in mass spectrometry 
involving a cyclic transition state (14.2d). 

mechanism A term referring either to the set of molecular events that results in 
the observed conversion of reactants to products or to the process by which one 
rationalizes the movement of electrons during the conversion of reactants to prod- 
ucts (5.3a). 

meso compound A molecule with two or more stereogenic centers that has an 
internal mirror plane such that the overall molecule is achiral (4.3b). 

mesylate An abbreviated name for the methanesulfonate group, CH3SO,— 
(7.1b). 
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meta A term denoting the relationship between groups attached to a 1,3-disubsti- 
tuted benzene ring (17.1f). 

Michael acceptor A type of molecule that undergoes conjugate addition reac- 
tions (24.3a). 

migratory insertion A type of addition reaction that takes place with organotran- 
sition metal complexes in which one group attached to a metal ion adds to an 
unsaturated molecule attached to the same metal ion (15.3c). 

molecular ion The species in mass spectrometry that corresponds to a molecule 
that has lost a single electron (14.22). 

molecular orbital theory А simplification of quantum theory that rationalizes 
bond formation by specifying the electronic structure of a group of atoms as a 
single entity (10.22). 

molecular sieves An aluminosilicate material containing small channels that only 
water or other small molecules can enter (19.1d). 

monomer The smallest repeating unit of a polymer; the molecule from which a 
polymer is made (26.12). 

multiplicity А term used to describe the appearance of absorption peaks in a 
proton NMR spectrum that result from spin coupling between neighboring pro- 
tons (13.2a). 


N 

n+ lrule A statement of the relationship between the number (n) of neighbor- 
ing protons that a specific proton experiences and the number of peaks that are 
observed in the NMR spectrum for that specified proton (13.922). 

Newman projection A term used to describe the representation of a C-C bond 
and its attached substituents with the view oriented to look along that bond from 
one end (3.1b). 

nitronium ion An electrophilic species with the formula NOs* (17.2c). 

node The portion of an atomic or molecular orbital in which the probability of 
finding an electron is mathematically zero (2.42). 

N-terminus The end of a protein chain that has the unlinked -NH» group (5.5b). 

nucleophile A species with at least one unshared pair of electrons that tends to 
react with electron-deficient species (5.3b). 

nucleoside A building block of RNA and DNA constructed from aromatic hetero- 
cycles, called bases, attached at the anomeric carbon atom of either D-ribose or D- 
2-dexoyribose (98.1а). 

nucleotide Derivatives of nucleosides with a phosphate group attached to C5 of 
the D-ribose or D-2-dexoyribose ring (28.1a). 


о 


off-resonance decoupling А technique in IC NMR spectroscopy that makes use 
of a second radio frequency fo provide information about the number of protons 
attached to a given carbon atom (13.5d). 

olefin A synonym for an alkene (Introduction to Chapter 8) 

optically active A term referring to molecules that rotate the angle of plane-po- 
larized light passing through their solutions (4.2b). 

organoborane A derivative of borane, BHs, in which a carbon-containing group 
substitutes for one or more of the hydrogen atoms (9.4a ). 

organolithium compound Ап compound with the general formula RLi (15.2e). 

ortho coupling A term referring to the magnetic interaction that occurs between 
benzene protons attached to adjacent positions of the ring (17.1g). 

ortho effect The influence that causes more pronounced chemical shifts in a 
proton NMR spectrum for the protons attached to a benzene ring adjacent to a 
substituent (17.3g). 

ortho A term denoting the relationship between groups attached to a 1,2-disub- 
stituted benzene ring (17.19). 


G-12 


GLOSSARY 


oxazaborolidine A class of reagents used to carry out the enantioselective reduc- 
tion reactions of ketones to form alcohols (18.3b). 

oxidation level A term referring to the number of heteroatoms attached to a 
carbon atom (11.1a). 

oxidation reaction A chemical process in which hydrogen atoms are removed or 
heteroatoms are added to an organic molecule during the course of the reaction 
(5.1b). 

oxidative addition A process for organotransition metal complexes in which the 
reaction of a molecule with a metal ion leads to an increase in the metal ion’s 
coordination number as its oxidation state also increases (15.3c). 

oxime A functional group that has the C-N-OH substructure (20.1b). 

oxymercuration The process that results in addition of the Hg(OgCCHs) and 
OH groups to an alkene л bond (9.1f). 

ozonide The product formed after treating an alkene with ozone (11.8b). 


P 

para A term denoting the relationship between groups attached to a 1,4-disubsti- 
tuted benzene ring (17.1f). 

peptide bond The carbonyl-nitrogen atom bond in the amide functional group 
formed from the reaction between two amino acids (5.5b). 

pericyclic reaction A reaction process that occurs by the movement of electrons 
within a cyclic transition state (5.1c). 

phosphoester A derivative of phosphoric acid [O-P(OH)s] in which at least one 
OH group has been replaced by an OR group (Introduction to Chapter 28) 

pi (1) bond The interaction that occurs between aligned p orbitals on neighbor- 
ing atoms (2.5c). 

pK, value A quantity that provides a measure of how strong an acid is; mathemat- 
ically, it is equal to -log(K,), where K, is the equilibrium constant of the reaction 
between the acidic compound and water (5.22). 

plane-polarized light Electromagnetic radiation that has been passed through a 
filter that removes the waves from all but a single plane (4.2b). 

plastic A material that can be molded when hot, yet retains its shape after cool- 
ing (26.1c). 

poisoned catalyst A dispersed metal-containing material that has been treated 
with other chemical compounds to decrease its normal reactivity, usually toward 
the hydrogenation reactions of z bonds (11.2b). 

polar aprotic solvent A term referring to the liquid molecules used to dissolve 
reactants in a chemical reaction that have polar bonds yet lack acidic (OH and 
NH) groups (6.3c). 

polar reaction The classification of a chemical reaction in which the bond to be 
broken is polarized so that one atom assumes a positive, or partial positive, charge, 
and the other assumes a negative, or partial negative, charge (5.1c). 

polarizable A term referring to an atom or molecule in which the distribution of 
its electrons is readily distorted or deformed by outside influences (2.22). 

polymer A molecule formed by linking together a large number of smaller mole- 
cules (26.12). 

polypeptide A molecule that has been constructed by linking many amino acids 
together via formation of amide functional groups (5.5b). 

positional isomers Compounds with the same molecular formulas that differ in 
the position at which a particular substituent is attached in each (1.4a). 

preorganization A property of receptor molecules in which their conformations 
change little as a guest molecule is bound (28.4c). 

primary carbon atom A term referring to a carbon atom that is attached to only 
one other carbon atom (1.42). 

primary structure A term referring to the sequence of amino acids in a protein 
(27.4d) or nucleotides in a nucleic acid (28.22). 
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pro-(R) The atom, group, or 2-bond face in a prochiral molecule that will react 
to form the enantiomer having the (R) configuration at the new chiral center 
(16.3b). 

pro-(S) The atom, group, or n-bond face in a prochiral molecule that will react to 
form the enantiomer having the (5) configuration at the new chiral center (16.3b). 

prochiral A term referring to a molecule that can be converted to a chiral sub- 
stance with a single substitution or addition reaction (16.3b). 

product favored A term referring to a chemical process in which the products 
have a lower energy state than the reactants (5.4a). 

products The molecules in a chemical reaction that are formed from other sub- 
stances, which are called reactants (5.1а). 

propagation The steps in a free-radical process that perpetuate the chain reac- 
tion (12.1a). 

protecting groups A molecular fragment added to a functional group to keep the 
functional group from reacting with certain reagents (15.4a). 

proton-transfer reaction А chemical process that results in the movement of Ht 
from one atom to another (5.1b). 

protonolysis A chemical process that results in the breaking of a bond by the 
reaction of a molecule with H* (9.4d). 

purine nucleosides A term that refers to the nucleosides adenosine, guanosine, 
and inosine (28.1b). 

pyranose The six-membered cyclic hemiacetal form of a carbohydrate formed by 
the addition of an OH group to the sugar's carbonyl group (19.3b). 

pyranoside The six-membered cyclic form of a carbohydrate acetal (glycoside) 
formed by the addition of an OH group to the sugar's carbonyl group followed by 
substitution of the anomeric OH group with another heteroatom-containing sub- 
stituent (19.42). 

pyrimidine nucleoside A term that refers to the nucleosides cytidine, uridine, 
and thymidine (28.1b). 


Q 

quaternary carbon atom A carbon atom that is attached to four other carbon 
atoms (1.4а). 

quaternary structure The highest level of protein structure, which occurs when a 
protein consists of multiple subunits that can interact with one another (27.5b). 


R 

Е The abbreviation for a substituent that is derived from an aliphatic compound 
(1.3с). 

racemate A term referring to an equal mixture of enantiomers (4.2b). 

racemic mixture See racemate (4.2b). 

racemization A process that*leads to the formation of an equal mixture of enan- 
tiomers from a single chiral substance (6.2f). 

radical polymerization А process of forming polymers that is initiated by a species 
bearing an unpaired electron (26.2c). 

radical reaction А term used to describe chemical processes that proceed via 
intermediates with unpaired electrons (5.1c). 

radical Any species that has a single unshared electron (2.5e). 

random coil conformation The spatial arrangement of amino acids in a protein 
with no regular structure (27.5b). 

random copolymer A polymer derived from two different monomers in which no 
particular sequence exists (26.1b). 

rate-determining step The slowest process in a multistep chemical reaction 
(5.3a). 

reactant favored A chemical process in which the reactants have a lower energy 
state than the products (5.42). 
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reactants The molecules in a chemical reaction that undergo conversion to other 
substances, which are called products (5.1a). 

reaction coordinate A term referring to the progression of changes in molecular 
structures as reactants are converted to products (5.4a). 

reagent The reactants that are of secondary importance in a chemical process; 
the principal reactant is the substrate (5.1a). 

rearrangement reaction A chemical process that changes the connectivities 
among the atoms in the carbon skeleton of the substrate molecule (5.1b). 

receptor А synonym for a host molecule that is involved in molecular recognition 
processes (28.3). 

reducing sugar A term for a carbohydrate that reacts with an oxidizing agent to 
form a carboxylic acid group at the C1 position (19.5b). 

reduction reaction A chemical process in which hydrogen atoms are added or 
heteroatoms are removed from an organic molecule during the course of the reac- 
tion (5.1b). 

reductive elimination A process for organotransition metal complexes in which 
reaction leads to formation of an organic molecule along with a decrease in the 
metal ion's coordination number and a decrease of the metal ion's oxidation state 


(15.3с). 

regiochemistry A term referring to the orientation by which a reagent adds to ал 
bond (9.1a). 

regioselective A term referring to a chemical reaction in which one orientation 


for addition of a reagent predominates with respect to the opposite orientation 
(9.1b). 


regiospecific A term referring to an reaction that occurs with a single orientation 
for addition of a reagent (9.1b). 
repeat unit The smallest molecular fragment replicated over and over to form a 


polymer’s sequence (26.12). 

residue А synonym for a general amino acid in a protein structure (5.5b). 

resonance effects The influences on chemical reactivity in a molecule that are 
caused by the delocalization of electrons through x bonds (5.2b). 

resonance energy The stabilizing influence in an aromatic compound that results 
from the delocalization of electrons through the л system (17.1a). 

resonance hybrid The electronic structure of a molecule that is the composite of 
the individual resonance structures (2.3a). 

resonance structure A structure with localized electrons that represents one pos- 
sible electron distribution for a molecule that has delocalized electrons (2.3а). 

retention of configuration А term used in referring to reactions in which the 
configuration of a product is the same as that of the reactant (6.2f). 

retro The reverse direction of a chemical reaction (10.4b). 

retrosynthesis A planning process for chemical synthesis that is carried out in 
reverse, by considering what reactants are needed to make a particular product 
(15.42). 

ribbon diagram A representation of protein structures that shows the overall 
structure of the backbone, but not the individual atoms (27.5b). 

ring flip A change in the conformation of cyclohexane derivatives in which the 
equatorial substituents become axial and vice versa (3.2c). 

4n+2 rule See Hückel's rule (17.1b). 


S 

saccharide A synonym for a carbohydrate (19.32). 

saponification The base-induced hydrolysis reaction of an ester to form the car- 
boxylate ion and an alcohol molecule (21.4d). 

sawhorse projection A perspective side-view drawing of an aliphatic compound 
showing a specific C-C bond with its six substituents (3.1b). 

Saytzeff product In an elimination reaction that can form more than one prod- 
uct, the product with the most stable double bond (8.1b). 
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ue "Mein A term referring to an unequal proportion of enantiomers 

.Зс). 

Schiff base A synonym for the imine functional group (20.1а). 

Schiff-base catalysis A reaction in which its rate is increased by the formation of 
an imine intermediate (23.2c). 

secondary carbon atom A carbon atom that is attached to two other carbon 
atoms (1.4a). 

secondary structure The regular conformations created by the spatial arrange- 
ments of the amino acids in a protein (27.5b). 

segmented copolymer A polymer derived from two different monomers in which 
there are separate extended sequences of each monomer (26.1b). 

E in Enzymes that utilize a serine side chain to cleave peptide bonds 

B-sheet A regular conformation within protein structures consisting of extended 
strands of polypeptide chains (27.5b). 

shielded The phenomenon in NMR spectroscopy indicating that the external 
magnetic field is moderated more by the electrons surrounding a particular nu- 
cleus than this same field is offset by the electrons surrounding other nuclei in the 
molecule (13.1c). 

sigma (0) bond The overlap of orbitals between two atoms that lie along the line 
passing through each nucleus (2.4b). 


sites of unsaturation A term referring to the number of л bonds and rings in a 
molecule (14.1c). 
skeletal isomers Molecules with the same molecular formulas differing in the 


connectivities between their carbon atoms (1.4a). 

solvolysis А type of nucleophilic substitution reaction in which the nucleophile is 
the solvent (6.2a). 

solvomercuration A type of electrophilic addition reaction in which the 
electrophile is a mercury ion and the nucleophile is the solvent, usually water or 
an alcohol molecule (9.1f). 

spin-spin splitting In ЇН NMR spectra, the pattern of peaks that results from 
magnetic coupling between the protons on the adjacent atoms (13.2a). 

Spirocyclic compound A molecule in which two rings share one common atom 
(3.4c). 

staggered conformation A term describing the relationships between groups on 
adjacent saturated carbon atoms in which the groups are offset from each other as 
far as possible (3.1b). 

Step-growth polymer See condensation polymer (26.32). 

Stereogenic carbon atom See chiral carbon atom (4.22). 

Stereoisomers Molecules with the same chemical formulas that differ by the spa- 
tial arrangements of their atoms (4.1a). 

stereoselective A term used to classify chemical reactions that generate one 
stereoisomer preferentially with respect to another (9.1d). 

stereospecific A term indicating that a single stereoisomer is formed in a chemi- 
cal reaction (9.1d). 

steric effect The influence through-space of electrostatic repulsions that parallel 
the sizes of interacting groups (3.1c). 

substitution reaction A chemical process in which an atom or group in a mole- 
cule is replaced by a different one (5.1b). 

substrate The non-enzyme reactant in a biochemical process (5.5c), or the prin- 
cipal reactant in a chemical reaction (5.1a). 

syn-addition See cis-addition (9.4b). 

syndiotactic A term for the stereochemistry of the stereogenic centers in a poly- 
mer in which the substituents alternate from top to bottom of a chain viewed in a 
planar zigzag conformation (26.1d). 

syn-periplanar conformation An eclipsed conformation in which the two largest 
groups on adjacent atoms are aligned (3.1с). 
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synthetic tree In a retrosynthesis, the scheme of possible reactions that might be 
used to prepare a particular molecule from different starting materials (15.4a). 


T 

tandem addition-alkylation A process that makes use of a conjugate addition 
reaction followed by treatment with an alkyl halide (24.3b). 

tautomerism A process involving a pair of acid-base reactions that interchange 
the positions of a proton and an adjacent x bond (9.2b). 

tautomers Isomers that are interconverted by the concomitant movement of a 
proton and an adjacent л bond (9.3b). 

termination Any processes in a radical chain reaction that eliminates free radicals 
(12.1a). 

tertiary carbon atom A carbon atom that is attached to three other carbon atoms 
(1.42). 

tertiary structure The level of protein structure that describes its overall three- 
dimensional shape (27.5b). 

tetrahedral intermediate The species in addition-elimination reactions of car- 
boxylic acid derivatives that has an sp’-hybridized carbon atom after addition to 
the carbonyl group has occurred (21.1c). 

thermodynamic control A term describing reactions that can yield two products 
and denoting that formation of the more stable product predominates (8.1b). 

thermodynamic enolate Of the two enolate ions that can be formed from an 
unsymmetrical ketone, the enolate ion that is more stable (22.2f). 

thermoplastic A polymer that can be melted by heating to form a fluid that is 
readily molded (26.1c). 

thermoset plastic A polymer that can be molded only when it is first formed as a 
molten solid; once cooled, the polymer cannot be melted and molded again 
(26.1c). 

thioacetal A functional group that has two -SR groups attached to a single car- 
bon atom (19.2c). 

thiolate ion The conjugate base of a thiol (7.3a). 

torsional angle See dihedral angle (3.1b). 

torsional strain The energy stored in cyclic compounds as the result of eclipsed 
interactions between neighboring atoms (3.22). 

tosylate An abbreviated name for the ptoluenesulfonate group, CH3CgH,SOs3- 
(7.14). 

trans isomer The structural form of an alicyclic compound in which two specified 
groups are on opposite sides of the ring (3.3d). Also, the structural form of a C=C 
double bond in which two protons—each attached to the separate carbon atoms— 
are on opposite sides of the bond connecting the carbon atoms (4.1a). 

trans-addition See anti-addition (9.1d). 

transannular interactions Effects between groups that occur across a ring (3.4b). 

transesterification A process in which one ester is converted to another by reac- 
tion with a different alcohol molecule (21.4e). 

transition state The highest energy point of a reaction step (5.4а). 

triflate An abbreviated name for the trifluoromethanesulfonate group, CF3SO3- 
(7.1b). 

B-turn A regular conformation within protein structures that permits a polypep- 
tide chain to fold onto itself to form a B- sheet (27.5b). 


Ч 

unimolecular A term used to describe the kinetic profile of a reaction in which 
the rate is dependent on the concentration of only one reactant (6.1d). 

upfield A term indicating a feature or region in an NMR spectrum that lies to the 
right of or has a smaller chemical shift value than another feature or region (13.1c). 
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urea A functional group that has two amino groups attached to a carbonyl group 
(26.3а). 
urethane See carbamate (26.3d). 


V 

valence bond theory A simplification of quantum mechanics that defines bond 
formation as the result of overlap between atomic or hybrid orbitals that occupy 
the same region of space (2.4b). 

vicinal A term denoting that substituents are attached to adjacent atoms (8.2e). 

vicinal coupling In proton NMR spectroscopy, the nuclear spin-spin interactions 
that occur between protons attached to adjacent carbon atoms (13.22). 

vinyl carbon atom See alkenyl carbon atom (1.4c). 

vinyl ether See enol ether (19.1c). 

VSEPR model А concept used to rationalize molecular shapes and based on the 
idea that electron pair repulsions lead to geometries that represent the lowest 
energy structures (2.5a). 


Ww 


Wagner-Meerwein rearrangement A term for reactions involving carbocation 
intermediates that lead to structural changes in the carbon skeletons of aliphatic 
molecules (6.2e). 

Walden inversion The change of configuration from (R) to (S) or vice versa that 
takes place during the Sy2 reactions of chiral substrates (6.3b). 

wave function The solutions of quantum mechanical wave equations that define 
the shapes of atomic and molecular orbitals (2.4a). 

wavenumbers The quantity in an infrared spectrum that defines the frequency of 
an absorption band (14.32). 


Y 


ylide A species with a carbanion center bonded directly to a heteroatom bearing 
a positive charge (11.4b). 
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as precursor for dimethyldioxirane, 
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Acetonitrile, 2, 704 
as polar aprotic solvent, 200 
Acetophenone, 606 
Acetyl CoA, 713 
in citrate biosynthesis, 801 


in fatty acid biosynthesis, 814 
in fatty acid metabolism, 813 
Acetyl coenzyme A, see Acetyl CoA 
Acetyl group, 15, 703 
Acetyl nitrate, 876 
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bonding in, 57 
carbanions from, 497 
dianion of, 497 
valence bond representation of, 57 
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Achiral, 111, 113 
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reactions with 
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Grignard reagents, 726 
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thiols, 714 
Schotten-Baumann procedure with, 
711 
Acid strength, 143 
effects on, 146-148 
Acid-base reactions, 140 
direction of equilibrium in, 144 
equilibrium constant in, 143 
in biochemical processes, 165 
proton transfer in, 143 
Acidity, 146-149 
of alcohols, 218 
of carboxylic acids, 147, 148 
of thiols, 226 
Acids, 143 
Aconitase, 829 
Aconitate, 134, 558 
conjugate addition of water to, 
829-830 
ACP, 814 
Acrylonitrile, 74, 319, 831, 825, 903 
in radical polymerization reactions, 
380 


Activation 
in calicheamicin cyclization reaction, 
388 
of benzene rings 
in substitution reactions, 574 
relative influences on, 583 
of carbonyl groups, 608, 611, 616 
Active methylene compounds, 766-768 
see also [-Dicarbonyl compounds 
Active site in enzymes, 169 
Acyl azides, 788 
Acyl carrier protein, see ACP 
Acyl cation, 573 
Acyl groups, 703 
in Friedel-Crafts reactions, 573 
AD reactions, 546 
of benzene, by enzymes, 548 
Адат” catalyst, 334 
Addition polymerization, 898 
Addition reactions, 140 
1,2- versus 1,4-, 313 
enantioselective examples, 538 
of anthracene, 862 
of Cao, 864 
of furan, 877 
of pyridine carbanions 
1,2-Addition, see Direct addition 
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Addition-elimination reactions 
in deamination of adenine, 956 
of aldehydes and ketones, 669 ff. 
of carboxylic acid derivatives, 704-706 
of pyridine derivatives, 868 
Addition-substitution reactions, 635 
Adenine, 954 
Adenosine 5’-phosphate, see AMP 
Adenosine, 954 
SAdenosylhomocysteine, 229 
SAdenosylmethionine, 228-231 
Adensoine 5’-triphosphate, see ATP 
Adipic acid, 749, 908 
AD-mix, 546 
Adrenaline, 231 
AIBN, 376, 899 
as initiator for radical cyclization 
reactions, 381 
in radical polymerization reactions, 
380 
Alanine, 922 
Alcohol dehydrogenase, 881 
Alcohol group 
as disconnection site, 507 
Alcohols, 4 
acidity of, 218 
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Alcohols (continued) 
as acids, 144 
as disconnection site in retrosynthesis, 
507 
as electrophiles, 156 
as products of Grignard reactions, 
492, 493 
as products of substitution reactions, 
179 
as substrates for substitution reactions, 
178 
bond polarity in, 41 
classification as 1°, 2°, 3°, 181 
conversion to alkyl halides, 364 
conversion to alkyl sulfonates, 213 
enantioselective synthesis of, 541 
formation of byproducts during E2 
reactions, 251 
fragmentation patterns for, 457 
from reduction of aldehydes and 
ketones, 612 
identification from IR spectra, 460 
in Mitsunobu reactions, 216 
in solvomercuration reactions, 276 
methods for preparation of, Al 
oxidation reactions of, 346 
polar solvents, 183 
primary, as substrate in reactions with 
HX, 212 
primary, inability to form 
carbocations, 251 
protecting groups for, 513, 514, 641 
proton exchange in, 414 
protonation to form good leaving 
group, 212 
reactions with 
acid chlorides, 710 
aldehydes and ketones, 636 
carboxylic acids, 706 
esters, 717 
oxidizing agents, 346 ff. 
phosphorus tribromide, 215 
sulfonyl chlorides, 213 
thionyl chloride, 215 
resolution of, 530 
substrates for enantioselective 
hydrogenation, 540 
Aldaric acids, 661 
Aldehydes, 4, 14, see also Ketones 
addition-substitution reactions of, 635 
aldol reactions of, 787 Jf. 
as electrophiles, 156 
as intermediates in reactions of esters, 
729 
as products from hydroboration of 
alkynes, 291 
as products from oxidation reactions 
of 1? alcohols, 346 
as products from oxidative alkene 
cleavage, 342 
as products from ozonolysis reactions, 
340 
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carbonyl group activation of, 608 
conversion to amino acids, 928 
electrophilic carbon in, 607 
fragmentation patterns for, 457 
identification from IR spectra, 460, 
464, 465 
magnetic anisotropy in, 404 
methods for preparation of, Al 
oxidation to carboxylic acids, 622 
protecting groups for, 640 
reactions with 
alcohols, 636 
ammonium cyanide, 928 
enolate ions, 787 
Grignard reagents, 492, 611 
HON, 608 
hydrazine, 671 
hydride ions, 612 
hydroxylamine, 671 
metal oxides, 622 
organolithium compounds, 496 
peracids, 625 
phosphorus ylides, 686 
primary amines, 669 
secondary amines, 682 
sulfur ylides, 690 
thiols, 642 
water, 610 
single-bond equivalents for, 108 
Wolff-Kishner reactions of, 675 
Alditols, 658 
Aldohexose, 644 
Aldol reactions, 787-802, 824 
of alkylpyridine derivatives, 871-872 
in formation of citrate, 801 
in pentose phosphate pathway, 800 
steric effects in, 791 
TPP as reactant in, 884 
Aldolase, 796 ff. 
Aldonic acids, 660 
Aldoses, 644 
oxidation reactions of, 660-661 
reduction reactions of, 658-660 
Alicyclic compounds, 10 
methods for preparation of, A2 
Aliphatic compounds, 10 
Alizarin Yellow R, 592 
Alkali metal ions 
as complexes with crown ethers, 971 
solvation energies for, 974 
Alkaloids, as chiral precursors, 525 
Alkanes, 10 
as acids, 144 
as products of Clemmensen 
reduction, 621 
as products of Suzuki reaction, 505 
bromination reactions of, 370 
chlorination reactions of, 369 
from reduction of carbonyl groups, 
574 
in radical halogenation reactions, 
364 


mass spec fragmentation patterns for, 
457 
methods for preparation of, A2 
preparation via WolffKishner 
reaction, 674 
Alkenes, 4,11 
allylic bromination reactions of, 373 
as acids, 144 
as products from 
El reactions, 241 
E2 reactions, 246 
Horner-Emmons reaction, 689 
partial hydrogenation of alkynes, 
336 
Suzuki reaction, 505 
Wittig reaction, 686 
as substrates in Suzuki reaction, 504 
classification of double bonds in, 
244 
cleavage by 
osmium tetroxide and NaIO,, 342 
ozone, 340 
conversion of, to alkyl halides, 364 
cyclopropanation reactions of, 293 
diastereotopic faces in, 534 
dimerization reactions of, 279 
electrophilic addition 
by HX, 268 
by НәО, 269 
by Xs, 270 
versus allylic bromination, 378 
enantioselective 
dihydroxylation of, 546 
epoxidation of, 543-545 
hydroboration of, 541 
hydrogenation of, 539 
endocyclic versus exocyclic, 244 
formation of less stable isomer, in E2 
reactions, 248 
formation of more stable isomer, in 
Е] reactions, 242 
geminal coupling іп ЇН NMR spectra, 
410 
hydroboration reactions of, 286 
identification from IR spectra, 460 
in biochemical electrophilic addition, 
282 


in biochemical ring-forming reactions, 


284 
in ring-forming reactions, 283 
isomers of, in disubstituted, 106 
isomers of, in tri- and tetrasubstituted, 
107 
mass spec fragmentation patterns for, 
457 
mechanism for hydrogenation of, 335 
methods for preparation of, A2 
radical polymerization reactions of, 380 
reactions with 


borane, 286 
carbenes, 293 
carbocations, 279 


halogens 270 
HBr under radical conditions, 378 
HX, 268 
hydrogen, 334 
mercury(I) acetate, 274 
osmium tetroxide, 341 
ozone, 339 
peracids, 344 
water, 269 
Wilkinson’s catalyst, 502-504 
relative stabilities of, 243, 244 
ring formation of, in radical reactions, 
381 
single-bond equivalents for, 108 
solvomercuration reactions of, 274 
trans-isomers, from reduction of 
alkynes, 375 
Alkenyl carbon atom, 23 
Alkenylboranes 
in the Suzuki reaction, 505 
Alkoxide ions 
as base in enolate ion formation, 767 
as base in phosphonate ylide 
formation, 689 
as initial products of aldol reactions, 
788 
as nucleophiles, 179 
formation from alcohols using alkali 
metals, 219 
formation from alcohols using NaH, 
218 
in Williamson ether synthesis, 219 
Alkoxy groups, 15, 23 
influences on electrophilic aromatic 
substitution, 578 
Alkoxysulfonium ions, 347 
2-Alkoxytetrahydropyrans, 641 
Alkoxytriphenylphosphonium ion, in 
Mitsunobu reaction, 216 
Alkylation 
in biosynthesis of thymidine, 842 
of active methylene compounds, 767 
of azoles, 880 
of carboxamide ions, 772 
of enamines, 761 
of enolate ions from Michael 
reactions, 836 
of ester enolate ions, 763 
of glycine enolates, 933 
of imide ions, 774 
of ketone enolate ions, 759 
of nitrile carbanions, 764 
of product from dissolving metal 
reduction, 847 
of pyridine, 865 
of sulfonamide ions, 772 


Alkyl bromides, see Alkyl halides 
Alkyl chlorides, see Alkyl halides 
Alkyl groups, 15 


branched, 20 
electron donation by, 148, 187 


influence on electrophilic aromatic 
substitution, 576 

oxidation of, in benzene derivatives, 
587 

rearrangements of, during Friedel- 
Crafts alkylation, 573 

straight-chain, 20 

Alkyl halides 

as electrophiles, 156 

as precursors to carbanions, 489 

as substrates for E1 reactions, 245 

as substrates for E2 reactions, 246 


as substrates for substitution reactions, 


178 
classification as 1°, 2°, 3°, 181 
Grignard reagents from, 490 
in tandem addition-alkylation, 836, 
840 
mass spec fragmentation patterns for, 
457 
methods for preparation of, A2 
reactions with 
active methylene compounds, 767 
amines, 200 
azoles, 880 
carboxamide ions, 772 
enamines, 761 
ester enolate ions, 768 
glycine enolate ions, 933 
imide ions, 774 
ketone enolate ions, 759 
lithium, 496 
magnesium, 489 
nitrile carbanions, 764 


organocopper compounds, 499, 500 


pyridine, 865 
sulfonamide ions, 772 
reduction of, with tributyltin hydride, 
377 
substitution reactions of, with 
organometallic compounds, 497 
Alkylperoxy radical, 385 
Alkyl radical, in halogenation reactions, 
371 
Alkyl sulfonates, 213 
as leaving groups in E2 reactions, 252 
substitution reactions with 
organometallic compounds, 497 
utility for E2 reactions from alcohols, 
252 
Alkylsulfonium salts, in substitution 
reactions, 178 
Alkyltrimethylsilyl ethers, 222, 223 
Alkynes, 4, 11 
as acids, 144 
as substrates in Suzuki reaction, 505 
electrophilic addition 
of HO, 277 
of HX, 276 
of X», 276 
formation from dihaloalkanes, 252, 253 
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from alkynyl organometallic 
compounds, 497 
hydroboration of, 291 
hydrogenation reactions of, 336 
identification from IR spectra, 460 
in dissolving metal reduction 
reactions, 375 
methods for preparation of, A2 
partial hydrogenations of, 336 
Alkynyl group, 23 
Alkynyl organometallic compounds, 
497-498 
carbonyl addition reactions, 498 
reactions with epoxides, 498 
substitution reactions with alkyl 
halides, 497 
Allene, 305 
Allyl chloride, 6C NMR spectra of, 
427-429 
Allyl group, 24 
Allyl radicals, 373 
valence bond representation of, 66 
Allylic alcohols, 181 
as substrates for ring-forming addition 
reactions, 283 
from reduction of o,,B-unsaturated 
carbonyl compounds, 843 ff 
methods for preparation of, A3 
oxidation of, with Mn(IV) oxide, 349 
Allylic carbocations, in conjugate 
addition reactions, 313 
Allylic halides, carbocations form, 186 
Allylic hydrogen atoms 
abstraction in arachidonic acid 
metabolism, 385 
reactions with bromine radicals 
during addition, 378 
reactivity in radical bromination 
reactions, 373 
Allylic rearrangements, in $41 reactions, 
210 
Allysine, 677 
Alphabetical order, in compound 
names, 26 
Alternating copolymer, 894 
D-Altose, 644 
D-Altrose, 644 
Aluminoxy group, 730 
Aluminum, in Raney nickel preparation, 
874 
Aluminum bromide,192 
Aluminum chloride, 153 
as reactant in Friedel-Crafts reactions, 
572, 573 
Amides, 4, 14, see also Carboxamides, 
ambiguity of word usage for, 748 
as acids, 144 
classifications of, 20 
enolate ions of, in directed aldol 
reactions, 794 
hybridization of atoms in, 62 


1-4 INDEX 


Amides (continued) 
identification from IR spectra, 460, 
464, 465 
in peptide bonds, 166 
methods for preparation of, A3 
nomenclature of, 702 
proton exchange in, 414 
reactions with 
Grignard reagents, 726, 727 
LiAIH,4, 729 
water (hydrolysis), 719 
rearrangements reactions of, 773 
Amine salts 
as acids, 144 
as products of substitution reaction, 
179 
Amines, 4 
as bases, 150 
as nucleophiles, 151 
as nucleophiles in Sy2 reactions, 200, 
201 
classifications of, 20, 151 
from reduction reactions of imines 
and oximes, 675-676 
identification from IR spectra, 460 
in conjugate addition reactions, 831 
in Mannich reactions, 497 
methods for preparation of, A3 
oxidation reactions of, 353 
reactions with 
acid chlorides, 710 
aldehydes and ketones, 669 
alkyl halides, 200 
esters, 715 
oxidizing agents, 353 
р-0-Атіпо acid, 166 
L-o-Amino acids, 165 
a-Amino acids, 921 ff. 
abbreviations for, 922 
as chiral precursors, 525 
asymmetric synthesis of, 930, 933-935 
classification of, by side chains 
properties, 926-927 
cyclic, 927 
2,4-DNFB derivatives of, 951 
genetically coded, 921 
ionization states of, 924-926 
methods for preparation of, A3 
a-methyl, 933 
peptide synthesis from, 935-940 
protecting groups for, 931-932 
resolution of, 929 
stereochemistry of, 923 
synthesis of, 927-935 
unnatural, 927-928 
Amino groups, 6, 15 
influences on electrophilic aromatic 
substitution, 578 
0-Атіпо nitriles, 928 
Aminomethane, 2 
Ammonia, 2, 20 


as a base, 150 
as precursor of adenine, 956 
in biosynthesis of Purine nucleotides, 
961 
liquid, see Liquid ammonia 
Ammonium chloride, in workup of 
Grignard reactions, 492 
Ammonium ions 
as complexes with crown ethers, 971 
influence on electrophilic aromatic 
substitution, 582 
in mass spectrometry, 450 
in zwitterion form of amino acids, 924 
quaternary, 151 
Amorphous polymer domains, 897 
AMP, 955, 960 
Amylose, 654 
Analytical data, 446 
Angle stain 
in cyclobutane, 82 
in cyclopentane, 83 
in cyclopropane, 82 
in small rings, 82 
relief of, 83 
in substitution reactions, 187 
Anhydrides, 712 
identification from IR spectra, 460, 
464, 465 
in Friedel-Crafts reactions, 742 
Aniline, 11 
as acid, 144 
as product from reduction of 
nitrobenzene, 338 
deactivation of reactivity for, 579 
derivatives, basicity of, 152 
from nitrobenzene, 571 
oxidation reactions of, 354 
protection of, 579, 582 
reactivity in electrophilic aromatic 
substitution, 579 
Anions, in DNA helix, 964 
Anisole, 11 
Annulenes, 563 
Anomeric carbon atom, 646 
Anomers, 646 
equilibrations of, 649 
mutorotation in, 650 
Anthracene, 565, 859 
addition of bromine to, 863 
oxidation of, 863 
Anthranilic acid, 600 
Anthroquinone, 853 
Anti addition 
in reactions of halogens with alkenes, 
271 
in solvomercuration, 274 
in vicinal halohydrin formation, 272 
Anti conformation, 81 
in DNA, 967 
Anti electron pairs, 977 
Anii elimination, 246 


Апі isomers, of oximes, 673 
Antiaromatic compounds, 564 
Antibiotics, 973 
Antibonding MOs, 307 
of aromatic compounds, 563 
of 1,3-butadiene, 312 
of ethylene л bond, 311 
of methane С-Н bond, 308 
of molecular hydrogen, 308 
Anticlinal eclipsed conformation, 80 
Anti-Markovnikov orientation 
in addition of HBr to alkenes, 378 
in hydration of alkenes via 
hydroboration, 290 
Antimony oxide, 906 
Antiperiplanar conformation, 80 
Antisymmetric stretching vibration, 458 
Ar group, 14 
Arachidonic acid, 384, 557 
Arbuzov reaction, 688 
Arenes, 10, see also Aromatic 
compounds; Benzene 
as acids, 144 
identification from IR spectra, 460 
methods for preparation of, A3 
Arginine, 922 
Aromatic compounds, 10, 562 ff., see also 
Arenes; Benzene 
polycyclic, 859 ff. 
heterocyclic, 859 ff. 
magnetic anisotropy effects in, 404 
Aromaticity, 562 
assessments for heterocyclic systems, 
565 
Arrows 
fish-hook, 364 
for equilibria, 137 
in chemical equations, 138 
Aryl group, 23 
Aryl halides, 182 
Grignard reagents from, 490 
methods or preparation for, A2 
reactions with 
nucleophiles, 592 
organocopper compounds, 499 
Arynes, 593 
Asparagine, 922 
Aspartame, 952 
Aspartic acid, 168, 922 
in mechanism of lysozyme reactions, 656 
Asymmetric carbon atom, see 
Stereogenic carbon atom 
Asymmetric dihydroxylation, see AD 
reactions 


Asymmetric reactions, 528 
of alkenes, 538-554 
Asymmetric synthesis, 530 
Atactic polymers, 897 
from radical polymerization processes, 
903 
Atom economy, 512 


in enantioselective reactions, 528 
Atomic number, in assigning 
stereochemical priorities, 107 
Atomic orbitals, see also Orbitals, 49 
hybrid, 52 
overlap of, 49 
Atomic radii 
effects on acid strengths, 146 
effects on nucleophilic properties, 180 
influences on atom polarizability, 41 
influences on bond lengths, 43 
Atoms 
effects of masses on vibrational 
frequencies, 458 
symmetry-related, 399 
ATP, 229, 955, 960 
Atropisomerism, 540 
Atropisomers, 127 
Attractive forces, 66 
Autocatalytic, 755 
Axial bonds in cyclohexane, 85 
Axis of symmetry, 399 
Azacrowns, 970, 971 
Azacyclohexane, 151 
Azide ion 
as nucleophile, 179 
in amino acid syntheses, 929 
in reactions with epoxides, 223 
3-Azido-3’-deoxythymidine, see AZT 
Azidoalkanes 
as products of substitution reactions, 
179 
hydrogenation reactions of, 337 
Azobis(isobutyronitrile), see AIBN 
Azoles, 879 
alkylation reactions of, 880 
AZT, 954 
Azulene, 598 
Azurin, 946 


B 
Bacterial cell walls, 654 
Baeyer strain, 82 
in epoxides, 223 
Baeyer-Villiger reaction, 624 
Base peak, 451 
Bases,143, 150 
Basicity 
effect on leaving group ability, 178 
effect on nucleophilic properties, 180 
of heteroatoms in carboxylic acid 
derivatives, 705 
of imidazole, 879 
of pyridine, 865 
Baylis-Hillman reaction, 853 
9-BBN-H, 287 
in reactions with alkynes, 288 
in Suzuki reaction, 504 
BDE, tables of, 366 
B-DNA, 964 
major and minor grooves, 964, 966 


* 


Beckmann rearrangement, 673 
in manufacture of nylon, 908 
Bent bonds, in cyclopropane, 83 
Benz, as compound root, 1] 
Benzaldehyde, 11, 606 
cyanohydrin derivative of, 608 
Benzaldehyde oxime, 673 
Benzamide, alkylation of, 772 
Benzene, 11 
acylation of, 573 
AD reaction of, 548 
alkylation of, 579 
alkyl derivatives 
from acyl derivatives, 574 
oxidation of, 587 
rearrangement during synthesis of, 
574 
as functional group, 4, 12 
as nonpolar solvent, 200 
bond lengths, 63 
bromination of, 570 
chlorination of, 570 
delocalized electrons, 63 
derivatives 
1,4-disubstitution of, 413 
electrophilic substitution reactions 
of, 574 ff. 
NMR spectra of, 568, 586 
nomenclature of, 566 
spin-spin splitting among protons 
in, 412 
spin-spin splitting patterns for, 418 
electrophilic substitution of, 569-574 
hybridization of atoms in, 63 
nitration of, 571 
polysubstituted derivatives of, 582 
resistance of, toward oxidation, 587 
resonance forms, 48 
sulfonation of, 571 
valence bond representation of, 63 
Benzene-like structures, 863 
Benzenesulfonamide, alkylation of, 772 
Benzenesulfonic acid, 571 
Benzenesulfonyl chloride, 772 
Benzenethiol, 226 
Benzimidazole, 891 
Benzoic acid, 11 
acidity of, 747, 748 
derivatives of, from alkyl benzenes, 587 
Benzoic condensation, 885 
Benzonitrile, 11 
IR spectrum of, 462 
Benzophenone, 606 
Benzoyl group, 703 
Benzoyl peroxide, 372, 899 
as initiator for radical polymerization 
reactions, 380 
Benzoyl radical, 372, 899 
Benzyl carbocation 
resonance forms, 64 
valence bond representations, 65 
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Benzyl ether 
as protecting group for alcohols, 514 
Benzyl group, 24 
Benzyl radicals, 373 
Benzylic alcohols 
as substrates for hydrogenolysis, 374 
oxidation using Mn(IV) oxide, 349 
Benzylic ethers, hydrogenolysis of, 374 
Benzylic halides 
as substrates for hydrogenolysis, 374 
carbocation formation from, 186 
Benzylic hydrogen atoms, in radical 
bromination reactions, 372 
Benzylic substrates, substitution 
reactions of, 181 
Benzylidene, 245 
Benzyloxycarbonyl (Cbz) group, 931 
Benzyne, 593, 600 
Bergman cyclization, 387 
Betaine, 685 
BHT, 383 
Bicyclo compounds, see Bridged bicyclic 
compounds 
Bimolecular, 182, 246 
BINAP, 541 
derivatives for ketone reduction, 617 
Binding site, in enzymes, 169 
Binding strength 
in host-guest chemistry, 972 
Biochemical reactions 
electrophilic addition processes as, 
281 
elimination processes as, 257 
nucleophilic substitution processes in, 
228-231 
oxidation processes as, 351-353 
Biological molecules, 165 
hydrogen bonds in, 68 
ionization in mass spectrometry, 450 
Biomolecules, see Biological molecules 
Biotin, 809 
Biphenyl, 127 
Bisphenol A, 907, 917 
Block copolymers, 895 
Boat conformation of cyclohexane, 86 
bond angles in, 84 
Boc group, 931 
Boiling point, effect of hydrogen bonds 
on, 69 
Bond angles, 59 
in acetylene, 57 
in cyclobutane, 82 
in cyclohexane, 84 
in cyclopropane, 82 
in ethylene, 55 
in formaldehyde, 61 
in hydrogen cyanide, 61 
in methane, 52 
in methanol, 61 
in 1,2-propadiene, 305 
in radicals, 59 
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Bond breaking, in chemical reactions, 
142 
Bond dipoles, 41 
as factor in E] reaction, 241 
in halogens during addition to 
alkenes, 270 
Bond dissociation energy (BDE), 366 
Bond lengths, 43 
as function of hybridization, 307 
in benzene, 48 
in nitro groups, 43 
of hydrogen bonds, 68 
of peptide bonds, 943 
Bond order, 310 
Bond polarities, 41 
Bond strengths 
effects on vibrational frequencies, 458 
of dienes, 306 
Bonding MOs, 307 
for aromatic compounds, 563 
for 1,3-butadiene, 312 
for ethylene, 311 
for methane C-H bond, 308 
for molecular hydrogen, 308 
3onds 
influences on !8C NMR spectra, 427 
influences on 'H NMR spectra, 410 
three-center, 285 
Зогапе, 156 
adducts with THF and DMS, 286 
Soric acid, 290 
Зогпапе, 103 
joron compounds, as Lewis acids, 285 
soron епо], 794 
joron trifluoride 
as electrophile, 156 
as Lewis acid, 153 
reaction with water to form acid, 280 
oron trifluoride etherate, 153 
owl-shaped molecules, 976 
p. 69 
ranch cleavage in mass spectrometry, 
456 
ranched polymers, 900 
refeldin A, 136 
ridged bicyclic compounds, 99, 100 
tidged halonium ions, see Halonium ions 
tidgehead carbon atoms, 99 
road-band decoupling, 428 
romination 
of benzene, 570 
of crosslinked polystyrene, 912 
of methane, enthalpy changes for, 367 
omine 
as reactant in electrophilic aromatic 
substitution, 570 
as reagent for oxidation of 
carbohydrates, 660 
as substituent, 15 
detection of, by mass spectrometry, 
454 


in electrophilic addition to alkene 
п bonds, 270 
in formation of vicinal bromohydrins, 
272 
in radical bromination of methane, 
367 
slow-release of, by NBS, 373 
4Bromo-1-butene, !5C NMR spectrum 
of, 432 
2-Bromo-2,3-dimethylbutane, 157 
(25, 3R)-3-Bromo-2-butanol, 117 
2-Bromo-2-methylbutane, 192 
2-Bromo-3-methylbutane, 192 
1-Bromo-4-ethylbenzene, 'H NMR 
spectrum of, 416 
Bromoacetone, 'H NMR spectrum of, 
401, 406 
NBromoamides, 773 
1-Bromobutane, 399 
Bromoethene, 2 
Bromohydrins, conversion to epoxides, 
345 
Bromonium ion 
five-membered ring form, 329 
from reactions of bromine with 
alkenes, 271 
N-Bromosuccinimide, NBS, 372 
3-Bromotoluene, 13C NMR spectrum of, 
432 
Bronsted-Lowry acids and bases, 143, 150 
Brown, Herbert C., 285 
Brucine, 529 
Buckminsterfullerene, see Cgo 
Butanal, 606 
Butane, 10 
boiling point of, 69 
conformations of, 80 
1-Butanethiol, 227 
Butanoic acid 
anion of, 72 
derivatives, pX, values of, 149 
2-Butanol, 114 
2-Butanone, 13C NMR spectrum of, 431 
2-Butenal, 13 
3-Butene-2-one, 837 
tertButyl alcohol 
as protic solvent, 200 
in dissolving metal reductions, 846 
in El reaction, 240 
tert Butyl carbocation 
in deprotection of Boc groups, 931 
structure of, 188 
Butyl groups, 21 
tert Butyl hydroperoxide, 341 
tert-Butyl hypochlorite, 396 
tert Butyl phenyl sulfide, 297 
Butyl rubber, 899 
Butylated hydroxyl toluene, see BHT 
4-Butylbenzoic acid, 1С NMR, ІН NMR. 
and IR spectra of, 474 
Butylcopper, 499 


> 


tertButylcyclohexane, 92 
Butyllithim, 496 
in deprotonation of alkylimidazoles, 
880 
in formation of dimsyl anion, 685 
in formation of phosphorus ylides, 


685 
tertButyloxycarbonyl (Boc) group, 931 
C 
1с 


effects on mass spectra, 452 
natural abundance of, 427 
NMR spectra for, 426 
Coo, 864 
Caffeine, 956 
Cahn-Ingold-Prelog convention, 107, 
116 
Calcium carbonate, in Lindlar catalyst, 
336 
Calicheamicin, 387 
Calixarenes, 975 
Camphor, 526 
10-Camphorsulfonic acid, 530 
£-Caprolactam, 674, 908 
Captopril, 32, 72 
Carane, 103 
Carbaldehyde, 4, 606 
Carbamates, 910 
Carbamic acids 
as intermediates in deprotecting 
amino acids, 931 
in biotin reactions, 810 
in Hofmann rearrangement, 773 
Carbanions, 58, 489 
from alkylpyridine derivatives, 871 
in dissolving metal reactions, 376 
relationship to carbocation, 489 
Carbenes, 58, 293 
Carbenoid reagents, 293 
Carbocations, 59 
addition of, to x bonds, 279 
as intermediate in acetal reactions, 
637, 639 
as intermediate in cationic 
polymerization processes, 898 
as intermediate in El reaction, 240 
as intermediate in electrophilic 
aromatic substitution, 569, 576 ff. 
as intermediate in glycoside 
hydrolysis, 656 
as intermediate in Sy] reactions, 183 
as Lewis acids, 194 
formation from alkyl halides, 186 
in polar reactions, 142 
possible reactions of, 199 
rearrangements, 194—195 
relationship to carbanions, 489 
relative stabilities of, 183, 189 
stabilization of, by delocalization, 186 
Carbodiimides, 938 


Carbohydrates, 643 ff. 


acetal forms, 651-653 
nomenclature of, 652 
as building blocks of nucleic acids, 
644 
as chiral precursors, 526 
conformational structures of, 647 
epimerization reactions of, 650 
Fischer projections for, 643 
glycosides, 651-658 
Haworth structures of, 646 
hemiacetal forms of, 645-651 
anomers of, 646 
nomenclature of, 645 
L-, 643, 648 
lactone derivatives of, 708 
mutorotation of, 650 
nomenclature of, 643 
oxidation reactions of, 660-661 
reduction reactions of, 658-660 
Carbon atoms 
alkenyl, 23 
alkynyl, 23 
aryl, 23 
bridgehead, 99 
designations, 12 
terminal, 13 
types of, with single bonds, 19 
Carbon dioxide 
formation of, in decarboxylation 
reactions, 881 
in fatty acid biosynthesis, 815 
reactions with 
enolate ions, 808-811 
Grignard reagents, 491 
organolithium compounds, 496 
Carbon nuclear magnetic resonance, see 
13C NMR 
Carbon radical, 58 
Carbon tetrachloride, from methane 
chlorination, 365 
Carbon-carbon bonds, formation of, 488 
Carbonic acid, 809 
Carbonitirle, 4 
Carbonyl activation 
by boron, 616 
by metal ions, 611 
by protons, 608 
in acid-catalyzed aldol reactions, 789 
in carboxylic acids, 706 
Carbonyl compounds 
mass spec cleavage patterns for, 456 
reactions with 
pyridine carbanions, 872 
imidazole carbanions, 880 
thiazole carbanions, 880 ff. 
similarity with pyridine reactions, 
868-872 
Carbonyl groups, 14 
acidities of adjacent positions to, 751 
activation of 


by boron, 616 
by metal ions, 611 
by protons, 608 
addition to 
by cyanide ion, 609 
by enolate ions, 788 
by Grignard reagents, 611 
by hydride ions, 612 
by peracids, 623 
by water, 610 
electrophilicity of, 607 
hydration of, 610 
removal via 
Clemmensen reduction, 621 
hydrogenolysis, 617 
thioacetal derivatives, 643 
Wolff-Kishner reaction, 674 
Carbonyl transposition, 758 
Carboxamides, 4 
acidities of, 748 
alkylation reactions of, 772 
halogenation reactions of, 773 
Carboxy group, 15 
y Carboxyglutamic acid, 924, 952 
Carboxylate, as functional group suffix, 
702 
Carboxylate, as nomenclature suffix, 4 
Carboxylate ions, 706 
in Mitsunobu reaction, 216 
in zwitterion form of amino acids, 924 
Carboxylation reactions 
biochemical, 809-811 
of enolate ions, 808 
Carboxylic acids, 4, 14 
as acids, 144 
as guest molecules, 977 
as polar solvents, 193 
as products of Grignard reactions, 491 
as products of organolithium 
reactions, 496 
as products from ozonolysis reactions, 
340 
as proton donors toward 
organoboranes, 292 
as substrates for enantioselective 
hydrogenation, 540 
carbonyl activation of, 706 
electron pairs in, 977 
enantioselective synthesis of, 541 
fragmentation patterns for, 457 
hydrogen bond formation by, 69, 977 
identification of, from IR spectra, 460, 
464, 465 
inductive effects, in 'H NMR spectra, 
404 
inductive effects on acidities of, 747 
in Mitsunobu reaction, 217 
methods of preparation for, A3 
nomenclature of, 702 
proton exchange in, 414 
proton reactivity in, 706 
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reactions with 
alcohols, 706 
diazomethane, 715 
ШАН, 728 
nucleophiles, 706 
oxalyl chloride, 737 
thionyl chloride, 709 
resolution, of racemic, 528 
single-bond equivalents for, 108 
Carboxylic acid derivatives 
acid-base reactions of, 706 
basicity of heteroatom substituent in, 
705 
leaving group ability in, 705 
relative reactivity profiles for, 705 
Carboxypeptidase, 930 
Carothers equation, 904 
Carothers, Wallace, 904 
Carvone, 31 
Catalase, 383 
Catalysis in biochemical systems, 171 
Catalysts, 137, 164 
for hydrogenation reactions, 334-338 
for hydrogenolysis, 374 
in biochemical processes, 165 
Lindlar, 336 
oxazaborolidines as, 615 
sites in enzymes as, 169 
Catalytic hydrogenation, see 
Hydrogenation 
Catalytic triad, in chymotrypsin, 720 
Catechol, 286 
Catecholborane 
in reactions with alkynes, 288 
in the Suzuki reaction, 504 
Cbz group, 931 
Cell membrane, 230 
transport through, 973 
Cellulose, 654 
hydrolysis reactions of, 658 
Center of symmetry, 399 
in 2,5-hexanedione, 407 
Cerium chloride, in reduction of enones, 
843 
Cesium ion, 973 
Chain reactions, 364 
Chain-growth polymerization, 898 
Chair conformations 
of cylcoheptane, 98 
of cyclohexane, 84 
rapid interconversions of, 126 
Chalcone, 792 
Charge balance 
in polar reactions, 158 
in Syl reactions, 185 
Chemical ionization, in mass 
spectrometry, 450 
Chemical reactions 
kinetic versus thermodynamic control, 
242, 243 
sequential operations in, 138 
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Chemical reactions (continued) 
types, by structural changes, 139 
types, by bond-breaking patterns, 142 
yields of, 139 
Chemical shifts 
for aliphatic protons, 403 
for diastereotopic protons, 533 
in ЇН NMR spectra, 401, 405 
ranges of, in 13C NMR spectra, 426 
ranges of, in !H NMR spectra, 402 
Chemoselectivity, 335 
in synthesis, 511 
Chichona alkaloids, 546 
Chiral, 111, 113 
Chiral auxiliary, 930, 933 
Chiral carbon atom, see Stereogenic 
carbon atom 
Chirality 
of cumulenes, 305 
of N, P, and S atoms, 122 
Chiral pool, 525 
CHIRAPHOS, 539 
Chitin, 655 
Chloral hydrate, 610 
Chloride ion, as nucleophile, 156 
Chlorination 
of ethane, 368 
of benzene, 570 
of methane 
enthalpy change for, 367 
mechanism for, 364 
of propane, 368 
Chlorine 
as reactant in electrophilic aromatic 
substitution, 570 
as substituent, 15 
detection of, by mass spectrometry, 
454 
in electrophilic addition to alkene 
f bonds, 270 
in formation of vicinal chlorohydrins, 
272 
in radical chlorination of methane, 
364 
(S)-(+)-2-Chloro-1-propanol, 117 
Chloroacetic acid, pK, value of, 148 
Chloroacetone, 'H NMR spectrum of, 408 
(R)-2-Chlorobutane, 117 
Chloroethane, boiling point of, 69 
Chloroethylene, radical polymerization 
reactions of, 380 
Chloroform 
as nonpolar solvent, 200 
as product of methane chlorination, 
365 
in formation of dichlorocarbene, 294 
Chloromethane, 2 
as product of methane chlorination, 
365 
Chloromethyl methyl ether, 911 
Chloromethylated polystyrene 
in solid-phase peptides synthesis, 939 


Chloronium ions, in reactions of 
alkenes, 271 
Chloroperbenzoic acid, see MCPBA 
Chlorophyll a, 874 
2-Chloropropane, ІН NMR spectrum of, 
411 
(S)-(-)-2-Chloropropanoic acid, 117 
Chromatographic methods, 446 
for measuring ee of reactions, 537 
Chromium oxide 
in pyridine, 348 
in sulfuric acid, 349 
mechanisms for oxidation by, 349 
Chromium (М) oxide, 865 
Chymotrypsin, 720-724 
Cis-allkemes, 106 
from alikenylboranes, 292 
Cis-isommers 
of alkenes, 106 
of disubstituted cyclohexanes, 92 
Citrate synthase, 801-802 
Citrate, 854 
as product of the aldol reaction, 801 
prochirality af, 560 
Citric acid, 557 
Citrie acid cycle, 353, 854, see also Krebs 
cycle 
conjugate addition reactions in, 829 
Ciwyt CoA, 802 
Claisen condensation, 802-815 
Classification, for amino acid side 
chains, 927 
Cleavage patterns, in mass spectrometry, 
456 
Cleavage reactions 
of alkyl aryl ethers, 221, 222 
of alkyl trimethylsilyl ethers, 222, 223 
of dialkyl ethers, 222 
of methyl alkyl ethers, 228 
Clemmensen reduction, 621 
Ctotting process, 385 
Cobalt ions, in vitamin Вә, 383 
Codons, 923 
Coenzyme A, 718 
acyl derivatives, 714 
Coenzymes, 352 
A, 713 
biotin, 809 
FAD, 812 
MeTHF, 841 
NAD, 352 
NADH, 618 
TPP, 881 
Collagen, 677, 943 
Collins's reagent, 348 
Common names, 9 
Complex 
as transition metal compounds, 498 
in host-guest chemistry, 969 
Complex molecules, substituents in, 22 
Complex substituents, 34 
Complimentarity, 972 


Compound roots, 9 
in naming molecules, 25 
Concentration effects on free energy 
change, 162 
Concerted reactions 
in cyclopropanation, 293 
in epoxidation with peracids, 344 
in hydroboration, 285 
in polymer formation, 901 
in Sy2 mechanism, 196 
Condensation polymerization, 904 
Condensed structures, 3 
Cone conformations, 976 
Configurational isomers, 106 
Configurations, 112, 113, see also 
Absolute configurations 
inversion of, 115 
of о-атіпо acids, 923 
of atoms in cyclic molecules, 121 
retention of, 115 
Conformational bias, 97 
in Fbutylcyclohexane, 91 
Conformational isomers, 78 
Conformational stereoisomers, 127 
Conformationally-locked compounds, 97 
Conformational structures 
of carbohydrates, 647 
of disaccharides, 653 
of —n-glucopyranose, 647 
Conformations, 77, 78 
anti, as requiremen: for E2 reactions, 
246 
at low temperatures, 82 
eclipsed, 79 
favored, 95 
for E2 reactions of halocyclohexanes, 
249 
in cyclic molecules, 82 
limiting, 78 
of butane, 80 
of cyclodecane, 98 
of cycloheptane, 98 
of cyclohexane, 87 
of cyclohexane derivatives, 86 
of disubstituted cyclohexanes, 93 
of ethane, 78 
of proline residues, 944 
of protein structures, 944 
staggered, 79 
Conformers, 78 
Conine, 526 
Conjugate acids, 143 
Conjugate addition reactions, 823 ff- 
for calicheamicin, 388 
in anionic polymerization processes, 
903 
in NAD+ reactions, 871 
in thymidine biosynthesis, 841 
of [-dicarbonyl enolate ions, 835 
of alcohols, 832 
of amines, 831 
of cyanide ion, 831 


of enolate ions, 836 
of hydroperoxide ion, 832 
of organocuprates, 838 
of pyridine and derivatives, 870 
of radicals, 855 
of thiols, 832 
of water, 827-830 
Conjugate bases, 143 
of carboxamides, 748 
of enols, 752 
Conjugated dienes 
as reactants in Diels-Alder reactions, 
318 
electrophilic addition reactions of, 313 
reactions with singlet oxygen, 338 
Conjugated double bonds, 305 
Conservation of orbital symmetry, 320 
Constitutional isomers, 19, 77, 106 
Convergent functionality, 980 
Coordination number, 501 
Cope elimination, 361 
Copolymers, 894 
cross-linked, 911 
Copper (I) cyanide 
in preparation of higher order 
cuprates, 499 
in Sandmeyer reactions, 590 
Copper(I) ions 
in formation of organocuprates, 498 
in oxidation of carbohydrates, 659 
Corey, E. J., 615 
Corey's reagent (PCC), 348 
Coronands, 969 
Corrin ring, 384 
Couper, Andrew, 561 
Coupled vibrations, 459 
Coupling constants, see [values 
Coupling 
geminal, 410, 533 
in ЇН NMR spectra, 410 
long-range, 421 
vicinal, 410 
Covalent bonds, in serine protease 
reactions, 722 
Covalently-bonded intermediates, in 
catalysis, 171 
Ср” anion, 564 " 
Crafts, James Mason, 572 
Cram, Donald, 969 
Creased-square conformation, 83 
Creatinine, 987 
Crossed aldol reactions, 791 ff. 
of alkylpyridine derivatives, 872 
of alkylpyrimidine derivatives, 873 
Crossed-Claisen condensation, 806-809 
Crosslinked polystyrene, 911-914 
Crosslinks 


disulfide bonds as, 946 

imines as, 676-677 
Crown ethers, 969-972 

in solubilization of nucleophiles, 971 
Cryptands, 972 


Crystalline polymer domains, 897 
Crystallization, 446 
C-terminus, 167, 937 
Cumulated double bonds, 305 
Cumulenes, 305 
Curl, R. F, 864 
Curtius rearrangement, 783 
Curved arrows 
in drawing resonance forms, 44 
in Syl reactions, 183 
in writing mechanisms, 154 
rules for drawing, 185 
Cyanide ion 
as nucleophile, 156, 489 
in benzoin condensation, 885 
in reaction with hydrogen sulfide, 159 
in reactions with aldehydes and 
ketones, 609 
Cyano groups, 15 
hydrogenation of, 337 
2-Cyano-2-propyl radical, 376 
in ring-forming reactions, 381 
Cyanoacrylates, 836 
Cyanohydrins, 608 
Cyanotrimethylsilane, 630 
Cyclic amino acids, 927 
Cyclic anhydrides, 712 
Cyclic compounds, 10 
numbering of, 18 
stereocenters in, 121 
substituents in, 17 
Cyclic hydrocarbons, 82 
Cyclic ketones, from Dieckmann 
cyclization, 805 
Cyclic pathway, of arachidonic acid 
metabolism, 385 
Cyclic transition states 
in hydroboration, 286 
in ozonolysis reactions, 339 
in protonolysis of organoboranes, 292 
in reactions of alkenes with osmium 
tetroxide, 341 
Cyclo, as prefix, 10 
Cycloaddition reactions, 318 
of benzyne, 594 
of osmium tetroxide with alkenes, 341 
of ozone with alkenes, 339 
of singlet oxygen with alkenes, 339 
Cycloalkyl halides, E2 reactions of, 249 
Cyclobutadiene, 563 
Cyclobutane, 10 
bond angles in, 82 
creased-square conformation for, 83 
Cyclodecane, conformations of, 98 
Cyclodextrins, 974-975 
Cycloheptane, 10 
conformations, 98 
Cycloheptratrienyl cation, 73 
1,3-Cyclohexadiene, 314 
2,4-Cyclohexadienone, 752 
Cyclohexane, 10, 84 ff. 
axial bonds in, 85 


boat conformation, 86 

bond angles, 84 

chair conformation, 84 

conformational energy values, 86 

dashed-wedge bonds, 92 

1,3-diaxial interactions, 88 

drawing chair forms of, 85 

equatorial bonds in, 85 

filled-wedge bonds in, 92 

flagpole interactions, 86 

flat representation, 92 

free energy of chair forms, 89 

gauche relationships, 84 

half-chair conformation, 86 

Newman projections in, 84 

ring flip, of chair forms, 85 

twist boat conformation, 86 
Cyclohexanecarboxylic acid, 13 
Cyclohexane derivatives, conformations 

of, 87-96 

Cyclohexanone oxime, 674 
1,3,5-Cyclohexatriene, 562 
Cyclohexene, 12 

as product of Diels-Alder reaction, 318 
Cyclohexenones, from Robinson 

annulations, 837 

Cyclohexylamine, basicity of, 151 
1-Cyclohexylethanol, 263 
1,5-Cyclooctadiene, 286, 934 
Cyclooctatetraene, 563 
Cyclooctyne, 12 
Cyclopentadiene 

acidity of, 564 

derivatives, aromaticity of, 564 

in Diels-Alder reaction, 319 
Cyclopentane, 10 

as product of radical reactions, 381 

bond angles, 83 

conformations of, 83 

eclipsed H atoms, 83 
Cyclopentanecarbaldehyde, 606 
Cyclopentanol, 219 
1-Cyclopentenecarbaldehyde, 13 
Cyclophanes, 975-976 
Cyclopropane, 10 

bent bonds, 83 

bond angles, 82 
Cyclopropanation, 293 
Cyclotriveratrylene, 976 
Cylcopentylmethyl radical, 386 
Cysteine, 168, 922 
Cytidine, 954 
Cytochrome cl, ribbon diagram of, 946 
Cytosine, 954 


D 
d, as designation for dextrorotatory, 114 
D, as designation for configuration, 115 
in configurations of carbohydrates, 
643 
in configurations of o-amino acids, 923 
D (deuterium), 107 
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DAEPEN, 617 
Darzens reaction, 821 
Dashed-wedge bonds, 53 
in cyclohexane structures, 92 
DBU, as base for E2 reactions, 247 
DCC, 938 
de, see Diastereomeric excess 
Deactivation of benzene rings 
in substitution reactions, 574 
relative influences on, 583 
DEAD 
as reactant in cycloaddition reactions, 
328 
in Mitsunobu reaction, 216 
Deamination, of heterocycles, 956 
Decalin, 97, 99 
Decane, 10 
Decarboxylation reactions 
in biosynthesis of o-ketoglutarate, 771 
in formation of cyclic ketones, 806 
in formation of enolate ions for fatty 
acid biosynthesis, 814 of 
of B-dicarbonyl compounds, 768 
of a-keto acids, 882 
Deconstruction of splitting patterns, 422 
Degeneracy 
of energies for proton spins, 398 
of genetic code, 923 
of orbitals, 564 
Degree 
of polymerization, 904 
of substitution, in radical 
halogenation reactions, 371 
Dehydration, 241 
in crossed aldol reactions, 791 
of alcohols, 240 
of B-hydroxy aldehydes, 788 
of oximes, 672, 725 
of primary amides, 724 
Dehydrohalogenation, 246 
Delocalization 
of charges adjacent to a л system, 65 
of electrons 
in benzene, 63 
in conjugated dienes, 305 
in Lewis structures, 65 
influences on diene stabilities, 307 
ô, as notation for bond polarity, 41 
8, as symbol for chemical shifts in NMR 
spectra, 401 
A, as symbol for heat, 138 
Demercuration, 274 
Denaturation, of proteins, 945 
Deoxy 
as prefix in nucleosides, 954 
2-Deoxy-D-ribose, 654 
Deprotection 
of peptides, 939 
DEPT spectra, 429 
2-methyl-3-pentanone, 430 
Deshielded, 402 


Dess-Martin Periodinane, see DMP 
Desulfurization, 374 
Determination of structure, 445 
1-Deuterioacetaldehyde, 362 
Deuterium, 107 
exchange іп ЇН NMR spectra, 414 
in chiral primary alkyl halides, 204 
incorporation into organic 
compounds, 491 
incorporation via hydroboration, 292 
nuclear spin in, 414 
Deuterochloroform, 413, 430 
Dextrorotatory, 113, 114 
DHP, 641 
Dialkylminium ion, 825 
Diastereoisomers, see Diastereomers 
Diastereomeric excess, 534 
Diastereomers, 106, 113, 124, 525 
epimers as, 650 
in enantiomeric resolutions, 530 
in transition states, 531 
salts as, 529 
Diastereotopic, 532-534 
1,3-Diaxial interactions, 88 
Diazine 
as intermediate in Wolff-Kishner 
reaction, 674 
heterocycles, 872 
reactions with nucleophiles, 873 
Diazomethane, 293 
in formation of methyl esters, 715 
resonance structures for, 45 
Diazonium compounds, 588-592 
as electrophiles, 591 
reactions of, 589 
Dibal-H 
in reduction of a, B-unsaturated esters, 
844 
Diborane, 285 
as reducing agent in cryptand 
syntheses, 972 
B-Dicarbonyl compounds 
acidities of, 766 
alkylation reactions of, 767-771 
as enolate ion equivalents, 769 
as products of Claisen condensation, 
803 
decarboxylation reactions of, 768-772 
enolate ions from, 766 
in Michael reactions, 825 
methods for preparation of, A3 
Dichlorocarbene, 294 
Dichloromethane 
as nonpolar solvent, 200 
as product of methane chlorination, 
365 
as solvent for halogen reactions with 
alkenes, 271 
Dichromate ion 
in oxidation of alkylbenzenes, 588 
Dicyclohexylcarbodiimide, see DCC 


Dicyclohexylurea, 938 
Dicylcopentadiene, 319 
1,1-Dideuterioethanol, 362 
Dieckmann cyclization, 805 
Diels-Alder reaction, 318-324 

of benzyne, 594 

Dienes, 11, 303 

Dienophiles, 318 

Diethyl (alkyl) boronates, 542 
Diethylaluminum chloride, 902 
Diethylamine, basicity of, 152 
Diethylborane, 286 

Diethyl carbonate, 809 

Diethyl diazodicarboxylate (see DEAD) 
Diethyl ether 

as Lewis base, 153 

as polar aprotic solvent, 200 

as solvent for LiAJH, reactions, 613 

as solvent for ylide formation, 685 
Diethy! malonate, 766 
Diethylzinc, 293 
Difluoromethane, 15 
Dihaloalkanes 

classification as geminal or vicinal, 252 

conversion to alkynes, 252 

formation of cyclic amines from, 202 

methods for preparation of, A4 
Dihaloketones, 754 
Dihedral angle, 79 
Dihydropyran, see DHP 
Dihydroxyacetone, 655 

conversion to glyceraldehyde via 

enediol, 753 
phosphate, 713 
as product of glycolysis, 796 
Diisobutylaluminum hydride, see Dibal-H 
B-Diketones, from crossed-Claisen 
condensations, 807 
Diketopiperidines, 937 
Dimerization 
of alkenes in squalene biosynthesis, 
282 

of isobutylene, 279 
Dimethoxybenzene 1,4- 

ІН NMR spectrum of, 407 
Dimethoxyethane (see DME) 
Dimethyl acetylenedicarboxylate, 319 
Dimethylallyl pyrophosphate, 281 
Dimethylamine 

as reactant in Mannich reaction, 825 

basicity of, 151 

hydrochloride salt of, 825 
Dimethylcyclohexane 

chirality of, 126 

isomers and conformers of, 93-94 
N,N-Dimethylacetamide 

IR spectrum of, 466 
2,9- Dimethyl-2-butene, 157, 287 
Dimethyl carbonate, 907 
3,9- Dimethyl-2-cyclopentenone 

15C and !H NMR spectra of, 476 


Dimethyldioxirane, 353 
Dimethylformamide (see DMF) 
Dimethylphosphate, 959 
Dimethyl sulfide, 228 
complex with borane, 286 
for work-up of ozonolysis reactions, 
340 
Dimethylsulfonium methylide, 684, 690 
Dimethylsulfoxide (see DMSO) 
Dimethyl! terephthalate, 906 
Dimsyl anion, 685 
2,4 Dinitrophenylhydrazine, 671 
Diols, methods for preparation of, A4 
Dioxiranes 
chiral, 545 
in oxidation of amines, 353 
ПІРАМР 539 
Dipeptide, 166 
Diphenyl carbonate, 918 
Diphenyl disulfide, 762 
Diphenyl sulfide, 691 
Dipole-dipole interactions, 66 
in formation of B-DNA, 964 
Dipoles 
in methyl groups, 187 
in producing IR spectra, 458 
Diprotic acids, 747, 749 
Dirac, Paul, 49 
Diradical 
involvement in enediyne reactions, 
387 
Direct addition 
of cyanide ion to o.,B-unsaturated 
aldehydes, 831 
of Grignard reagents, 838 
of organolithium compounds, 838 
Directed aldol reactions, 794 
Directed electrostatic interactions, 67 
Disaccharides, 652 
Disconnections, 506-507 
Disiamylborane, 287 
Dispersion forces, 66 
for anchoring of PLP coenzyme, 678 
in binding of guests by cyclodextrins, 
975 
in formation of B-DNA, 964 
in formation of o-helix, 944 
Dissolving metal reductions* 
of alkynes, 376 
of enones, 845-847 
Distillation, 446 
Distortionless enhancement (see DEPT) 
Disubstituted cyclohexane rings 
cis isomers of, 92 
conformations of, 93, 94 
drawing chair forms of, 85 
favored conformations of, 95 
transisomers of, 92 
Disulfide bonds, in proteins, 946 
Divinylbenzene, 911 
DME, as polar aprotic solvent, 200 


DMF 
as polar aprotic solvent, 200 
ІН NMR spectrum of, 943 
reactions with Grignard reagents, 727 
valence bond representation of, 62 
DMP, as reagent for oxidation of 
alcohols, 350 
DMSO 
as polar aprotic solvent, 200 
as product of ozonolysis work-up, 340 
as solvent for IBX reactions, 351 
as solvent for ylide formation, 685 
dimsyl ion from, 685 
in Swern oxidations, 346 
DNA 
as nucleophile, 228 
cleavage by enediynes, 388 
polymerase, 962 
sequences of, 962 
transcription of, 921 
2,4-DNFB, 951 
Dodecane, 10 
DOH, 414 
Domoic acid, 237 
Donohue, Jerry, 957 
L-DOPA, 526, 539 
Double arrows, 137 
Double bonds, 2 
diastereotopic faces in, 534 
types of, 304 
Double helix 
of DNA, 964-967 
in RNA, 968 
Downfield, in NMR spectrum, 402 
Drawing 
cyclohexane chair forms, 85 
tetrahedron, 53 
DuPHOS ligands, 935 
Durene, 567 
Dyes, from diazonium compounds, 592 


E 
Eisomer, 107 
Е] reaction, 240 
Elcb mechanism, 259 
in aldol reactions, 788-789 
in crossed aldol reactions, 791 
in Robinson annulation, 838 
E2 reactions, 246 
as possible role in biochemical 
reactions, 257 
in acid-catalyzed aldol reactions, 790 
Eclipsed conformation, 78 
mirror plane in, 126 
Edman degradation, 941-942 
ee, see Enantiomeric excess 
Eicosane, 10 
Eicosanoid, 384 
Elastin, 677 
Elastomers, 896 
Electric fields 
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in mass spectrometry, 451 
Electrocyclic reactions, 318 
Electron delocalization 
effect on acid strength, 147 
in stabilization of radicals, 369 
Electron density, and VSEPR model, 52 
Electron donation, by alkyl groups, 148, 
187 
Electron impact ionization, 449 
Electron movements, allowed, 44 
Electron pairs 
arrangement in VSEPR model, 51 
as donor and acceptor, 153 
Electron pushing formalism, 159 
Electronegativity 
effect on acid strength, 146 
in evaluation of resonance forms, 46 
Electronic factors 
in hydroboration reactions, 288 
Electrophiles, 155 
as Lewis acids, 158 
for electrophilic aromatic substitution 
reactions, 570 
iminium ion as, 825 
organoboranes as, 285 
o,B-unsaturated ketones as, 833 
Electrophilic addition reactions, 267 ff. 
examples of, 268 
in biochemical systems, 281 
of conjugated dienes, 313 
Electrophilic aromatic substitution 
reactions, 569-585 
of furan, 877 
of naphthalene, 860-862 
of pyridine, 866-868 
of pyrrole, 876-877 
of thiophene, 877 
Electrophilic centers 
in products of Claisen condensations, 
804 
Electrostatic forces, 66 
in crown ether complexes, 971 
in enzymes, 169 
in substrate orientation for 
biochemical E2 reactions, 258 
repulsive, 79 
Elemental analysis, 446 
Elementary step, 154 
Elimination reactions, 141 
oelimination, in formation of 
dichlorocarbene, 294 
B-elimination, 247 
bimolecular, 247 ff. 
comparisons with substitution 
reactions, 253-257 
examples of, 239 
in aldol reactions, 788, 790 
relation to oxidation procedures, 
347 
unimolecular, 240 ff. 
Enamides, 934 
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Enamines, 682-684 
alkylation reactions of, 684, 761 
as intermediate in glycolysis, 797 
as nucleophile in pentose phosphate 
pathway, 800 
as nucleophiles and bases, 683 
from TPP-catalyzed decarboxylation 
reactions, 884 
hydrolysis reactions of, 684 
Enantiomeric excess, 534 
Enantiomeric resolution, 528-530 
in retrosynthetic analysis, 548 
Enantiomers, 106, 111, 525 
efficacy of, in pharmaceutical 
substances, 527 
of 2,3-pentadiene, 305 
Enantioselective reactions, see also 
Asymmetric reactions 
economic reasons for, 527 
of alkenes, 539-547 
summary of, 538 
of ketones, 614-621 
Enantioselective, 271 
Enantioselectivity, in synthesis, 511 
Enantiospecific, 271 
Enantiotopic, 532 
End group, of polymers, 899 
Endergonic, 161 
Endo isomers 
in Diels-Alder reaction, 322 
in DNA secondary structures, 966-967 
Endocyclic double bond, 244 
Endothermic, 161 
ene, as nomenclature suffix, 4, 11 
Enediols, 753 
in glycolysis, 795 
Enediynes, 387-388 
Energy changes, in reaction coordinate 
diagrams, 160 
Energy diagrams, for MOs 
of 1,3-butadiene, 312 
of ethylene C-C bonds, 311 
of hydrogen, 309 
of methane С-Н bond, 310 
Energy levels, for orbitals in aromatic 
compounds, 563-565 
Energy maximum, in chemical 
reactions, 160 
Energy profiles 
effect of catalyst on, 164 
for two-step chemical reaction, 163 
of chemical reactions, 159 
Enolate ion equivalents, 769 
Enolate ions 
as products of 
conjugate addition reactions, 828 
decarboxylation processes, 814 
dissolving metal reductions, 847 
Michael reactions, 836 
carboxylation reactions of, 808 
formation of, in Claisen products, 
803, 804 


in aldol reactions, 788 
in crossed aldol reactions, 791 
in Michael reactions, 836 
in retroaldol reactions, 790 
in thymidine biosynthesis, 842 
reactions with Eschenmoser’s salt 
Enols, 751 see also Vinyl alcohols 
acidities of, 750 
from hydration reactions of alkynes, 
278 
from hydroboration reactions of 
alkynes, 291 
in aldol reactions, 789 
in halogenation reactions of ketones, 
755 
in Mannich reaction, 825 
in TPP-catalyzed reactions, 882 
of biotin, 811 
relationships to enolate ions, 752 
Enones, see also o, B-unsaturated carbonyl 
compounds 
electrophilic properties of, 838 
enantioselective reduction of, 845 
from elimination of Mannich bases, 
827 
reactions with 
homogeneous hydrogenation 
catalysts, 845 
hydroperoxide ion, 882 
sodium borohydride and cerium 
chloride, 843 
solvated electrons, 846 
Entgegen (£), 107 
Enthalpy, 161 
in radical reactions, 366 
Entner-Doudoroff pathway, 799 
Entropy 
in conformations, 81 
in radical reactions, 366 
Envelope conformation of cyclopentane, 
83 
equatorial bonds in, 85 
Enynes, 303 
Enzymes, 165 
active sites in, 169 
as reagents for enantioselective 
reactions, 547 
catalysis by, 169-171 
Ephedrine, 526 
Epichlorhydrin, 910 
Epimerization, 650 
of products from organocuprate 
reactions, 840 
Epimers, 650 
from reduction reactions of 2-ketoses, 
659 
Epitope, 969 
Epoxidation 
enantioselective, 543-547 
of enones, 832 
proposed mechanism for, 344 


selectivity related to degree of alkene 
substitution, 345 
Epoxides 
chiral, 543-547 
from Darzens reaction, 821 
in polymer formation, 909 
methods for preparation of, A4 
reactions with 
Grignard reagents, 493 
nucleophiles, 223-225 
organocopper compounds, 500 
organolithium compounds, 496 
Epoxy resins, 909 
Equatorial bonds in cyclohexane, 85 
Equilibrium constant 
in acid-base reactions, 143 
relation to free energy, 162 
Equilibrium, of acid-base reactions, 145 
D-Erythrose, 644 
D-Erythulose, 655 
Eschenmoser’s salt, 826 
Ester enolate ions, 763-765 
in amino acid synthesis, 933 
Esterification, 706-707 
Esters, 4, 14 
as acids, 144 
as electrophiles, 156 
as protecting groups for amino acids, 
932 
as substrates for enantioselective 
hydrogenation, 540 
enantioselective syntheses of, 541 
enolate ions of, in directed aldol 
reactions, 794 
formation of, in biochemical systems, 
714 
fragmentation patterns for, 457 
identification from IR spectra, 460, 
464, 465 
methods for preparation of, A4 
nomenclature of, 702 
reactions with 
alcohols (transesterification), 717 
amines, 715 
Grignard reagents, 727 
LiAIH,, 728 
water (hydrolysis), 716 
Ethane, 2, 10 
bond angles in, 54 
chlorination reactions of, 368 
conformational energy values for, 79 
conformations of, 78-79 
Ethanol 
as protic solvent, 200 
pX, value of, 147 
Ethene, see Ethylene 
Ethenyl group, 24 
Ether, see Diethyl ether 
Ethers, 4 
as products of solvomercuration 
reactions, 276 


as products of substitution reactions, 
179 
as substrates for substitution reactions, 
178 
benzylic, hydrogenolysis of, 374 
formation from 1° alcohols during E2 
reactions, 251 
methods for preparation of, A4 
reactions with 
HBr and HI, 221 
iodotrimethylsilane, 222 
Ethoxide ion, as conjugate base, 147 
Ethoxy group, 23 
Ethyl acetate 
as nonpolar solvent, 200 
1H NMR spectrum of, 415 
in Claisen condensation, 802 
Ethyl acetoacetate, 766 
in Claisen condensation, 802 
Ethyl acrylate, 831 
9-Ethyladenine, 961, 962 
Ethylamine, basicity of, 151 
Ethyl benzoate, 806 
Ethylborane, 286 
Ethyl chloroformate, 809 
Ethyl cyanoacetate, 766 
Ethylcyclohexane, 91 
Ethyldimethylamine, 151 
Ethyl ether, see Diethyl ether 
Ethylene glycol, in acetal formation, 640 
Ethylene group, spin-spin splitting 
patterns for, 411 
Ethylene oxide 
in polymer formation, 909 
reactions with Grignard reagents, 493 
Ethylene, 24 
bonding in, 54 
in radical polymerization reactions, 380 
valence bond representation of, 55 
Ethyl formate, 806 
Ethyl group, 20 
spin-spin splitting patterns for, 411 
Ethylidene group, 245 
Ethyl isobutyrate, 1C NMR, 1H NMR, 
and IR spectra of, 472 
Ethyl oxalate, 806 
Ethyl propanoate, IR spectrum of, 467 
Ethyl trans2-butenoate, 'H NMR 
spectrum of, 424 
Ethyne, 57 
Exact mass values, 453 
Exergonic, 161 
as description of hydrogenation 
reactions, 334 
chlorination of methane, 367 
Exo isomer, in Diels-Alder reaction, 322 
Exocyclic double bond, 244 
Exothermic, 161 
as description of hydrogenation 
reactions, 334 
in chlorination of methane, 367 


F 
FAD, 812 
Faraday, Michael, 561 
Farnesyl pyrophosphate, 281 
Fast atom bombardment mass 
spectrometry, 450 
Fats, 717 
Fatty acids, 713, 811 
conjugate addition of water in, 830 
oxidation of, during metabolism, 353 
unsaturated, 384 
Fatty acid synthase, 815 
Favorskii rearrangement, 784 
1,6-FBP, 795 
Feature, as term in ЇН NMR spectra, 410 
Febreze, 975 
Fehling's test, 660 
Fermentation, 881 
Ferrocene, 564 
Fibrils, in collagen structure, 677 
Fibrous proteins, 946 
Field desorption mass spectrometry, 450 
Field strength, 398 
Filled-wedge bonds, 53 
in cyclohexane structures, 92 
Fingerprint region, 460 
Finkelstein reaction, 198 
Fischer, Emil, 115 
Fischer projections, 113, 127 
assignments of configurations in, 129 
conversions to Haworth projections, 
647 
manipulations of, 128 
of a-p-glucopyranose, 647 
Fish-hook arrows, 364 
Five-coordinate transition state, 197 
Five-membered rings, 873 
formation of, in radical addition 
reactions, 381 
in formation of cyclic amines, 202 
in formation of cyclic ethers, 220 
Flagpole interactions, 86 
Flat representation of cyclohexane ring, 
92 
Flavin adenine dinucleotide, see FAD 
Fluoride ion 
as leaving group in SyAr reactions, 
592 
as poor nucleophile, 212 
for removal of trimethylsilyl group, 
514 
Fluorination, 364 
Fluorine 
as substituent, 15 
in aromatic compounds, 590 
reactions with 
alkene л bonds, 270 
hydrocarbons, 364 
Fluorotrimethylsilane, 514 
Form, as nomenclature root, 704 
Formal charges, 38 
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and resonance forms, 45 
examples of, 39 
Formaldehyde, 2, 606, 704 
as reactant in Mannich reaction, 825 
from ozonolysis of terminal alkenes, 
340 
valence bond representation, 61 
Formalin, 610 
Formamide, 704 
Formate esters, 727 
Formic acid, 703 
as catalyst for ring-forming addition 
reactions, 283 
from ozonolysis of terminal alkenes, 
340 
Formyl group, 15, 703 
Four-membered rings 
in formation of cyclic amines, 202 
in formation of cyclic ethers, 220 
Fractional crystallization 
in enantiomeric resolutions, 528 
Fractional distillation, of chlorinated 
methanes, 365 
Fragmentation, in mass spectra, 449 
common patterns for, 456-457 
Free energy 
effect of concentration on, 162 
for chair forms of cyclohexane, 89 
for equilibria of substituted 
cyclohexane rings, 91 
in biochemical processes, 165 
in radical reactions, 366 
relation to equilibrium constant, 162 
Free energy of activation, 160 
Free radicals, see also Radicals 
in polymerization reactions, 899 
in formation of graft copolymers, 895 
Freezing of conformations, 82 
Frequency 
in NMR spectra, 398 
in IR spectra, 458 
Friedel-Crafts reactions, 572-574 
of cross-linked polystyrene, 911 
polyalkylation in, 573 
reversibility of, 573 
side reactions during alkylation, 572 
D-Fructose, 655 
as reagent for epoxidation reactions, 
545 
1,6-bisphophate, see 1,6-FBP 
conversion to glucose via enediol, 753 
6-phosphate 
in glycolysis, 795 
in pentose phosphate pathway, 800 
Functional group equivalence, 507 
Functional groups, 3 
confirmation of, using I5C NMR 
spectra, 434—495 
identification of, from 1C NMR 
spectra, 430 
identification of, from IR spectra, 460 
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Functional groups (continued) 
in biomolecules, 165 
in naming molecules, 25 
principal, 9, 12 
priorities of, 12 
region, in IR spectra, 459 
Functional isomers, 19, 106 
Fundamental vibrations, 459 
Furan, 877-878 
as basis for carbohydrate names, 646 
Furanose, 645 
Furanoside, 652 
Fused ring compounds, 99, 100 
aromatic, 859 


G 


Gabriel reaction, 774 
in amino acid syntheses, 929 
D-Galactose, 644 
Galvinoxyl, 385 
Gatterman-Koch aldehyde synthesis, 600 
Gauche conformation, 80 
in cyclohexane derivatives, 87 
in cyclohexane rings, 84 
Geminal coupling, in 1H NMR spectra, 
410, 420, 533 
Geminal, 252 
dialkoxy compounds, see Acetals 
diols, 609 
halohydrins, 611 
Genetic code, 921, 923 
Geometric isomers, 106 
Geranyl pyrophosphate 
in biosynthesis of squalene, 281 
isomerization reactions of, 284 
Gibbs free energy, see also Free energy, 89 
Gillman reagents, see Organocopper 
compounds 
Globular protein, 167, 946 
D-Glucaric acid, 661 
D-Glucitol, 658 
D-Gluconic acid, 660, 661 
Glucopyranose, 647 
D-Glucose, 644 
as building blocks for cyclodextrins, 
974 
conversion to fructose via enediol, 753 
D-Glucose-6-phosphate, 795 
Glutamate 
role in PLP regeneration, 681 
Glutamic acid, 168, 922 
as proton donor in lysozyme reactions, 
655 
Glutamine, 922 
Glutaric acid, 749 
Glyceraldehyde 
conversion to dihydroxyacetone via 
enediol, 753 
d-Glyceraldehyde, 115 
D-Glyceraldehyde, 115, 526, 644 
L-Glyceraldehyde, 166 
D-Glyceraldehyde-3-phosphate 


as product of retroaldol reaction, 796, 
884 
Glycerol, 717 
Glycine, 922 
as achiral amino acid, 923 
enolates, for preparing chiral amino 
acids, 933-934 
Glycogen, 654 
Glycolysis 
enediols in, 753 
carbonyl transposition reactions in, 
753 
retroaldol reaction іп, 795-799 
Glycosides, 651-658 
formation of, 651 
with two or more carbohydrates, 
652 
hydrolysis reactions of, 653 
Glycosidic bonds 
in nucleosides, 958 
Goodyear, Charles, 919 
Graft copolymers, 895 
Greek letters 
in lactone designations, 708 
in nomenclature, 165 
Grignard reagents, 490-498 
as nucleophiles, 156 
direct addition reactions of, 838 
formation of, 490, 497 
introduction of deuterium with, 491 
limitations in preparation of, 495 
reactions with 
aldehydes, 492, 611 
carbon dioxide, 491 
carboxylic acid derivatives, 726, 727 
epoxides, 493 
ketones, 492, 611 
protons, 490 
summary of reactions of, 494 
Grignard, Victor, 489 
Ground state, in molecular orbitals, 313 
Guanidinium ions 
in molecular recognition, 978 
Guanine, 954 
Guanosine, 954 
Guest molecules, 969 
D-Gulose, 644 
Gyromagnetic ratio, 398 
for IC, 426 


H 
Half-chair conformation of cyclohexane, 
86 
Halide ions 
as leaving groups, 177 
as leaving groups in El reactions, 245 
as leaving groups in E2 reactions, 246 
as nucleophiles, 179 
Haloalkanes, see Alkyl halides 
Haloalkenes, methods for preparation 
of, A4 
Haloalkylamines, cyclization of, 202 


o-Halo carboxylic acids, in amino acid 
syntheses, 928 
Haloform reaction, 755 
Halogen atoms 
effects on acidity of ketones, 754 
influence on electrophilic aromatic 
substitution, 580 
Halogenation 
of carboxamides, 773 
of ketones, 754—756 
Halohydrins, methods for preparation 
of, A4 
o—-Haloketones, 754-756 
enolate ion formation of, 755 
enol formation of, 756 
Halonium ions 
bridged, in addition to alkenes, 271, 
272 
Hammond postulate 
for radical halogenation reactions, 
871 
in electrophilic addition of HX, 269 
in electrophilic aromatic substitution, 
577 
in Syl reactions, 190 
Handedness, 112 
Haworth projections, 646 
conversions to Fischer projections, 
647 
of &.—p-glucopyranose, 647 
HDPE, see Polyethylene, high-density 
Heat, use of A symbol for, 138 
Heisenberg, Werner, 49 
o-Helix, 944-945 
Heme, 167, 874 
Hemiacetals, 636 
cyclic, 637 
from vinyl ethers, 638 
Hemiaminal 
as intermediates in amide reactions, 
727 
in formation of imines, 670 
in formation of enamines, 682 
Hemithioacetals, 642 
Henderson-Hasselbalch equation, 925 
Henry reaction, 820 
Heptadecane, 10 
Heptane, 10 
2-Heptanol, 139 
2-Heptanone, 139 
3-Heptanone, fragmentation patterns 
for, 457 
Hertz (Hz), 410 
Heteroatoms, 3 
as components of leaving group, 
177 
hybridizations of, 60 
in stabilization of carbocations, 186 
Heterocycles, 565, 859 
Heterogeneous catalyst, 402 
Heterolysis, 142 
Hexadecane, 10 


Hexafluoroacetone hydrate, 610 
Hexane, 10 
as nonpolar solvent, 200 
2,5-Hexanedione, ІН NMR spectrum of, 
407 
3-Hexanone, 13 
Hexapeptide, 167 
5-Hexenyl radical, 381 
in arachidonic acid metabolism, 386 
Hexyl group, 20 
1-Hexyne, 288 
2-Hexyne, 12 
HF 
acid strength of, 212 
in Edman degradation, 941 
in solid-phase peptides synthesis, 940 
High vacuum, in mass spectrometry, 449 
Higher order cuprates, see 
Organocopper compounds 
Highest occupied molecular orbital, see 
HOMO 
High-performance liquid 
chromatography, see HPLC 
High-resolution mass spectrometry, 452 
Hismanal, 891 
Histidine, 168, 922 
as base in E2 reactions, 257 
as base in NAD*-catalyzed oxidation 
reactions, 352 
in formation of citrate, 801 
Hofmann rearrangement, 773-774 
HOMO, 321 
Homogeneous catalyst, 502 
Homolysis, 142, 364 
in vitamin Вә reactions, 383 
Homopolymer, 894 
Homotopic, 532 
HONO, see Nitrous acid 
Hoogsteen pairing, 979 
Hormones, 385 
Horner-Emmons reaction, 689, 824 
Host molecules, 969 
Host-guest chemistry, 969 
HPLG, 446 
Hückel's rule, 562, 859, 874 
Hund's rule, 307 
Hybrid orbitals, 52 
in Ceo, 864 
in nucleophilic substitution reactions, 
177 
sp, 57 
sp, 54 
р, 52 
Hybridization 
effect on acid strength, 146 
of atoms 
in acetylene, 57 
in benzene, 63 
in benzyl cation, 65 
in DMF, 62 
in ethane, 54 


in ethylene, 55 
in formaldehyde, 61 
in hydrogen cyanide, 61 
in methane, 52 
in methanol, 61 
in methyl acetate, 62 
in methyl carbanion, 59 
in methyl carbocation, 58 
in methyl radical, 59 
in methylene carbene, 59 
in propene, 56 
in pyrrole, 63 
in reactive intermediates, 58 
in the allyl radical, 66 
Hydratases, 930 
Hydrate, see Geminal diol 
Hydration 
in fatty acid metabolism, 812 
of o, -unsaturated carbonyl 
compounds, 827, 828 
of alkenes via hydroboration, 290 
of alkenes via oxymercuration, 275 
of alkenes with H3O*, 269 
of carbonyl groups, 610 
of vinyl ethers, 638 
relation to Elcb mechanism, 828 
Hydrazine 
in liberation of amines from 
phthalimides, 775 
in reactions with aldehydes and 
ketones, 671 
Hydrazones 
as intermediates in Wolff-Kishner 
reaction, 674 
hydrolysis of, 672 
preparation of, 671 
Hydride ion 
as leaving group, 870 
as leaving group in biochemical 
reactions, 351 
relationship to protons and electrons, 
352 
Hydrindane, 104 
Hydroboration 
of alkenes, 285 
of alkynes, 288, 375 
role in Suzuki reaction, 504, 505 
Hydrocarbons, 5 
identification from 1С NMR spectra, 
428-430 
non-polar natures of, 41 
preparation from alkyl halides with 
BusSnH, 377 
Hydrogen, on nickel, 374 
Hydrogen bonds, 67 
effects on Sy2 reactions, 199 
in B-DNA, 964-966 
in biochemical E2 reactions, 258 
in enzyme-catalyzed substitution 
reactions, 230 
in enzymes, 169 


INDEX 1-15 


in major and minor grooves, 966 
in molecular recognition, 977-982 
in stabilization of secondary 
structures, 944 
in stabilization of tetrahedral 
intermediate, 721 
in structures of polymers, 908 
influences on physical properties, 69 
influences on vibrational frequencies, 
464 
strength of, 68 
Hydrogen bromide, in radical addition 
reactions, 378 
Hydrogen cyanide 
as precursor of adenine, 956 
reactions with aldehydes and ketones, 
609 
valence bond representation of, 61 
Hydrogen fluoride, see HF 
Hydrogen peroxide 
from superoxide ions, 383 
in oxidation of selenium atoms, 762 
in oxidative hydrolysis of 
organoboranes, 289 
in work up of ozonolysis reactions, 340 
Hydrogen persulfate ion, 353 
Hydrogen selenide, as product of Raney 
nickel reactions, 375 
Hydrogen sulfide, 159 
as product of Raney nickel reactions, 
375 
Hydrogenation 
enantioselective, 539 
for preparing amino acids, 934 
of o, [-unsaturated carbonyl 
compounds, 844-845 
of alkenes, 334 
of alkynes, 336 
of benzene, 562 
of C=N bonds, 676 
of dienes, 306 
of ketones, 617 
of nitrogen-containing compounds, 
337 
to assess alkene stabilities, 243 
to assess diene stabilities, 306 
to assess resonance energy of 
benzene, 562 
versus hydrogenolysis, 374 
Hydrogenolysis, 374 
for deprotection of alcohols, 514 
for removal of Cbz groups, 932 
Hydrohalic acids 
in epoxide ring-opening reactions, 
224 
in phosphorus tribromide reactions, 
215 
in substitution reactions of alcohols, 
212 
in substitution reactions of alkyl 
sulfonates, 214 
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Hydrohalic acids (continued) 
in substitution reactions of ethers, 291 


reactions with aldehydes and ketones, 
611 
Hydrolysis 
as workup for Friedel-Crafts acylation 
reactions, 574 
of alkoxyboranes, 290 
of amides, 719 
of C=N bonds in glycolysis, 798 
of carboxamides, after alkylation, 779 
of esters, 716 
of hydrazones, 672 
of imines, 672 
of imines in citrate biosynthesis, 802 
of lactams, 720 
of lactones, 717 
of nitriles, 724 
of oximes, 672 
of proteins, 720, 941 
of sulfonamides, after alkylation, 772 
of THP ethers, 641 
Hydronium ion, 143 
Hydroperoxide group, in arachidonic 
acid metabolism, 386 
Hydroperoxide ion, 289, 383 
in formation of alcohols from 
organoboranes, 290 
1-Hydroperoxytetralin, 393 
Hydrophilic, 168 
Hydrophobic, 168 
Hydroxide ion, 143 
as leaving group in organoborane 
reactions, 289 
as nucleophile, 156, 179 
in amide formation, 711 
in hydration of oc, f-unsaturated 
carbonyl compounds, 828 
in preparation of hydroperoxide ion, 
289 
В-Нуагоху aldehydes, from aldol 
reactions, 788 
9.-Hydroxy carboxylic acids, as chiral 
materials, 525 
Hydroxy esters, from directed aldol 
reactions, 794 
Hydroxy groups, 15 
in electrophilic aromatic substitution, 
578 
Hydroxy imines, 724 
B-Hydroxy ketone, from hydration of 
enones, 828 
Hydroxy nitriles, from directed aldol 
reactions, 794 
Hydroxyl radical, from hydrogen 
peroxide, 383 
Hydroxylamines, 334 
as products of oxidation reactions, 
354 
5-Hydroxylysine, 924 
Hydroxymethyl urea, 919 


Я 


4-Hydroxyproline, 924 
2-Hydroxypyridine, 957 
Hyperconjugation, 187 

in stabilization of radicals, 369 
Hypophosphorus acid, 590 
Hz, 410 


l 
IBX 
as reagent for oxidation of alcohol, 
350 
Identical molecules, 111 
Identification of structure, 445 
D-Idose, 644 
Imidate esters, 725 
Imidazole, 879 
alkylation of, 880 
basicity of, 879 
carbanion of, reaction with carbonyl 
compounds, 880 
conjugate base of, 880 
Imides 
formation of, with Kemp's triacid, 981 
pK, values of, 774 
Imines 
as crosslinks in proteins, 676 
as intermediate in amide reduction 
reactions, 730 
as protein crosslinks, 946 
basicity of, 679 
identification from IR Spectra, 460, 
469 
in glycolysis, 796 
in pyrrole synthesis, 875 
in Strecker reaction, 998 
preparation of, 669, 670 
protonation of, at РН 7, 679 
reactions with 
hydride reagents, 675 
water (hydrolysis), 672 
Iminium ion 
in enamine alkylation, 684 
Imipenim, 136 
Indole, 878 
Inductive effects 
in Diels-Alder reactions, 319 
in electrophilic aromatic substitution 
reactions, 576 
influence of distance on, 149 
influence of, on acid strengths, 148 
of halogens on ketone acidities, 754 
on chemical shifts in 3C NMR 
spectra, 426 
on chemical shifts in ІН NMR spectra, 
403 
оп protons attached to heteroatoms, 
404 
Industrial processes, 365 
Infrared, see IR 
Initiation 
in polymer formation, 899 


» 


of alkyl halide reduction reactions, 
377 
of methane chlorination, 364 
of radical reactions, 363 
of reactions using tributyltin hydrid, 
377 
Inorganic compounds, 1 
as acids, 144 
in reactions, 138 
Inosine, 954 
Inositol, 104 
Insulin, 947 
Integrated intensity values, 406 
Interchain crosslinks, 946 
Interchange of groups 
in Fischer projections, 128 
to assign configurations, 119 
Intermediates, see Reaction 
intermediates 
Intermolecular 
definition, 67 
interactions 
effect of hydrogen bonds on, 68 
in formation of ethers, 220 
Intrachain crosslinks, 946 
Intramolecular reactions, 67 
in formation of amines, 202 
in formation of ethers, 220 
Inversion of configuration, 115 
in Mitsunobu reactions, 217 
in Sy2 reactions, 198 
Iodination, 364, 877 
Iodine 
as substituent, 15 
attachment to benzene, 590 
for iodolactonization, 301 
in formation of vicinal iodohydrins. 
272 
in reactions with alkenes, 270 
in reactions with hydrocarbons, 364 
Iodoalkanes 
as products of Finkelstein reaction, 
198 
as products of substitution reaction, 
179 
Iodoform, 755 
Iodolactones, 301 
Iodomethylzinc trifluoroacetate, 293 
Iodonium ions, from reactions of 
alkenes, 271 
Iodotrimethylsilane 
in cleavage reactions of ethers, 221 
in substitution reactions of alcohols, 
238 
Iodoxybenzoic acid, see IBX 
Ion pairs 
effect on stereochemistry of Syl 
reactions, 204 
in Sy2 reactions, 199 
Ion production, in mass spectrometry, 
449 


> 


58 


Ion-dipole interactions, 66 
Ionic charge, effect on nucleophilic 
properties, 180 
Ion-ion interactions, 66 
Ionization methods in mass 
spectrometry, 449—451 
Ionophores, 973-973 
IpcBHg, 542 
Ipso carbon atom, 575 
IR spectroscopy, 458 ff. 
IR spectrum 
of benzonitrile, 462 
of 4-butylbenzoic acid, 474 
of №, N.dimethylacetamide, 466 
of ethyl isobutyrate, 472 
of ethyl propanoate, 467 
of isobutyric acid, 467 
of Nmethylacetamide, 466 
of nitrobenzene, 469 
of nonanal, 465 
of l-octyne, 462 
of Loctyne, 463 
of 1-pentyne, 471 
of polystyrene, 459 
Iron protoporphyrin IX, 874 
Iron(III) halides 
as Lewis acid, 153 
as catalysts for aromatic halogenation 
reactions, 571 
Iso, as prefix, 20 
Isobutane, 20 
Isobutyl group, 21 
Isobutylene 
dimerization reaction of, 279 
from deprotection of Boc groups, 931 
polymerization reaction of, 280 
Isobutyric acid, IR spectrum of, 467 
(2R, 35)-Isocitrate, 558 
conversion to @-ketoglutarate, 771 
generation of, from citrate, 829 
oxidation of, 353 
Isocyanates, 910 
in Hofmann rearrangement, 773 
Isolated double bonds, 304 
Isoleucine, 922 
Isomerism, 18, 77 . 
of geranyl pyrophosphate, 284 
Isomers, 18, 77 
summaries of types, 19, 106 
Isopentenyl pyrophosphate, 281 
as precursor of natural rubber, 898 
Isoprene, 898 
Isopropoxy group, 23 
Isopropyl alcohol, as protic solvent, 200 
Isopropyl group, 20 
1H NMR splitting patterns for, 411 
Isopropylcyclohexane, 91 
Isopropylidine group, 245 
Isotactic polymers, 897 m 
from Ziegler-Natta polymerization, 
903 


Isothiazole, 879 
Isotope peaks, 451 
Isotopes 
exact mass values for, 458 
relative abundances of, 452 
Isoxazole, 879 
IUPAC names, 9 
of benzene derivatives, 566 
of carboxylic acid derivatives, 702 
of polyenes, 303 


J 
J values, 410 

calculation of, 421 

in ІС NMR spectra, 427 

in specific substructures, 420 
Jacobsen epoxidation, 543-544 . 
Jones’s reagent, see Chromium oxide 


K 
Kekulé, August, 561 
Kekulé structures, 561 
Kemp's triacid, 104, 980 
Ketene, 263 
a-Keto acids 
as product from amino acid 
metabolism, 680 
decarboxylation reactions of, 881 
B-Keto acids, 768 
Keto forms, 751 
B-Keto thioester, 820 
a-Ketoglutarate 
formation from isocitrate, 771 
oxidation of, 353 
Ketone enolate ions 
alkylation of, 759—761 
as base in polyalkylation reactions, 760 
in crossed-aldol reactions, 791 
in crossed-Claisen condensations, 806 
in halogenation reactions, 754 
kinetic versus thermodynamic, 757 
phenylselenation of, 762, 763 
relationships to enols, 752 
summary of reactions for, 768 
Ketones, see also Aldehydes 
as acid, 144 
as electrophile, 156 
as intermediates in reactions of esters, 
728 | 
as product of Friedel-Crafts acylation, 
573 
as products from decarboxylation of 
B-keto esters, 806 
carbonyl group activation of, 608 
Clemmensen reduction of, 621 
cyclic, from Dieckmann cyclization, 
805 
electrophilic carbon in, 607 
enantioselective reduction of, 614-621 
identification from IR spectra, 460 
in aldol reactions, 790 
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in crossed-aldol reactions, 791 
in crossed-Claisen condensations, 806 
IR spectra of, 464-465 
mass spec fragmentation patterns for, 
457 
methods of preparation for, A4 
NMR spectral features, 426, 435 
protecting groups for, 640 
reactions with 
alcohols, 636 
cyanide ion, 608 
enolate ions, 790 
Grignard reagents, 492, 611 
hydrazine, 671 
hydride ions, 612 
hydroxylamine, 671 
organolithium compounds, 496 
peracids, 625 
primary amines, 669 
secondary amines, 682 
sulfur ylides, 690 
thiols, 642 
water, 610 
relationships between keto and enol 
forms in, 752 
Wolff-Kishner reactions of, 675 
Ketoses, 644 | 
stereochemistry of reduction 
reactions, 659 
Kevlar, 908 
Kinetic control 
in reactions of conjugated dienes, 314 
in relation to El reaction, 242 
Kinetic enolate, 757 
acid-base reactions of, 758 
in crossed aldol reactions, 792-793 
Kinetic product 
in addition reactions of conjugated 
dienes, 315 
in naphthalene reactions, 862 
Kinetic resolution, 535 | 
in generation of chiral amino acids, 
930 
in lactate metabolism, 535 
chemical yields of, 536 
Kinetically-controlled asymmetric | 
transformation, see Asymmetric 
reaction 
Knoevenagel reaction, 820 
Knowles, William S., 934 
Kratschner, Wolfgang 864 
Krebs cycle, see also Citric acid cycle, 353 
Kroto, H. W., 864 


L 
L Configuration, 115 


in configurations of o-amino acids, 
923 

in configurations of carbohydrates, 
643 

1 as designation for levorotatory, 114 
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Lactams, 720 
as tautomer of heterocycles, 957 
Lactate dehydrogenase, 535-536, 619 
active site structure of, 620 
use in laboratory reduction reactions, 
619 
Lactate, 619, 746 
as example of kinetic resolution, 535 
Lactides, 709 
Lactim tautomer, 957 
Lactones, 708 
from oxidized carbohydrates, 660, 661 
from oxidation of cyclic ketones, 623 
in glycine enolate formation, 933 
Lactose, 653, 654 
Laser desorption mass spectrometry, 450 
Lauric acid, 557 
LDA, 150 
in deprotonation of alkylimidazoles, 
880 
in directed aldol reactions, 794 
in E2 reactions to form alkynes, 252 
in enolate ion formation 
of aldehydes, 759 
of esters, 763 
of glycine, 933 
of ketones, 756—763 
in formation of phosphorus ylides, 
685 
LDPE, see Polyethylene, low-density 
Lead acetate, in Lindlar catalyst, 336 
Leaving groups, 177 
in Beckmann rearrangement, 673 
in carboxylic acid derivatives, 705 
in EI reaction of alcohols, 240, 251 
in E2 reactions of alkyl halides, 246 
Le Chatelier's Principle, 162 
Lehn, Jean-Marie, 972 
LemeiuxJohnson cleavage, 342 
Leucine, 922 
Leukotrienes, 384 
Levorotatory, 113, 114 
Lewis acids, 152 
acyl cation as, 705 
in carbonyl activation by boron, 615 
in thioacetal formation, 642 
Lewis bases, 153 
Lewis, Gilbert N., 35 
Lewis structures, 36 
formal charges in, 38 
modified, to show delocalization, 65 
multiple bonds in, 37 
Lexan, 907, 918 
Ligands, in transition metal compounds 
498 
LiH, 870 
Limiting conformation, 78 
Limiting mechanisms of substitution 
reactions, 203 
Limonene, 284 
Lindlar catalyst, 335 


> 


Linear geometry, 51 
Lipases, 930 
Lipids, 230 
Liquid ammonia 
as solvent for dissolving metal 
reactions, 375, 846 
as solvent in E2 reactions forming 
alkynes, 252 
in preparation of alkynyl 
organometallic compounds, 497 
Lithium aluminum hydride 
overreduction of œ,B-unsaturated 
carbonyl compounds, 848 
reactions with 
aldehydes and ketones, 619 
tertbutyl alcohol, 730 
carboxylic acid derivatives, 728-730 
epoxides, 225 
imines, 675 
oximes, 675 
Lithium dibutylcuprate, 499 
Lithium diisopropylamide, see LDA 
Lithium diorganocuprates, see 
Orgamocopper compounds 
Lithium hydroxide, for saponification of 
esteus, 989 
Lithium ions 
affinity o£, for oxygen atoms, 756 
in salts of mucieaphiiles, 200 
in solubility properties of enolate ions, 
759 
Lithium metal 
for preparation of organolithium 
compounds, 496 
in reduction reactions of alkynes, 375 
Lithium tri (zer-butoxy)ahuminum 
hydride, 730 
Localized electrons, 43 
London forces, 66 
in elomotrypsin specificity, 721 
London, Fritz, 66 
Lone pair, see Unshared electron pair 
Long-chain branching, 900 
Long range coupling, 421 
in NMR spectra or arenes, 568 
Loschmidt, Joann Josef, 561 
Low pressures, in mass spectrometry, 
449 
Low temperatures 
in formation of kinetic enolates, 757 
conformations at, 82 
for polymerization of isobutylene, 280 
Lowest unoccupied molecular orbital, 
see LUMO 
LUMO, 321 
Lysine, 168, 922 
in protein crosslinks, 676 
oxidation of, to allysine, 677 
Lysozyme, 169, 170, 654 ff 
pH dependence on, 648 
D-Lyxose, 644 


M 


ть, as abbreviation for meta, 567 
m/z, as mass-to-charge ratio, 449 
Magnesium monoperoxyphthalate, 
MMPP, 344 
Magnesium metal, 490 
Magnetic anisotropy 
in C NMR spectra, 426 
in ЇН NMR spectra, 404 
Magnetic dipoles, 398 
Magnetic equivalence, 339 
and diastereotopic protons, 533 
Magnetic fields, 398 
in mass spectrometry, 451 
Magnetic resonance imaging, see MRI 
Major groove, 966 
(S)-Malate, 353 
Maleic anhydride, 319 
Malic acid, 526 
Malonic acid, 749 
Malonyl-CoA, 814 
Maltose, 652 
Manganese(II) ion, in enolate ion 
stabilization, 771 
Manganese (IV) oxide, 349 
Manganese(V)oxo compounds, 543 
Mannich base, 825 
Mannich reaction, 824-827 
D-Mannitol, 659 
D-Mannose, 644 
Markovnikov addition 
in dimerization of isobutylene, 279 
in formation of vicinal halohydrins, 
272 
in hydration of alkenes, 269 
in hydration of alkynes, 278 
in polymer formation, 898 
in polymerization of isobutylene, 280 
in ring-forming addition reactions, 
283 
in solvomercuration of alkenes, 274 
in squalene biosynthesis, 282 
Markovnikov’s rule, 268 
Mass spectra, 397 
Mass spectrometry, 449 
Matrix assisted laser desorption mass 
spectrometry, 450 
McLafferty rearrangement, 456 
MCPBA, 344 
Mechanisms, 154 
roles of electrophiles and 
nucleophiles in, 157 
use of curved arrows in, 157 
Megahertz, MHz, 398 
Melamine, 918 
Melting point 
effect of hydrogen bonds on, 69 
of racemates, 114 
Menthol, 108 
Mercaptans, see Thiols 
Mercapto group, 15 


Mercury(II) 
acetate, in solvomercuration of 
alkenes, 274 
chloride, in hydrolysis of thioacetals, 
642 
Merrifield, R. Bruce, 939 
Mesitylene, 567 
Meso compounds, 113, 125, 525 
from oxidation of carbohydrates, 661 
from reduction of carbohydrates, 659 
Mesylate, 213 
Meta, 567, 575 
Meta directors, 575, 581 
Metabolism 
of carbohydrates, 795 ff. 
of fats, 811 ff. 
of fatty acids, 812-814 
Metal ions 
as catalysts in biochemical systems, 
171 
as electrophiles in alkene reactions, 
274 
as electrophiles in alkyne reactions, 
277 
as Lewis acids, 153 
Metal oxides 
as oxidants, 338 
as oxidants for alcohols, 348 
Metal-carbon bonds, in hydrogenation 
reactions, 335 
Metals, as initiators of radical reactions, 
364 
Methane, 2, 10 
bond angles in, 53 
bromination of, 367 
chlorination of, 364-367 
protonated, in mass spectrometry, 450 
valence bond representation of, 53 
Methanesulfonate ion, 214, see also 
Mesylate 
Methanol, 2 
as protic solvent, 200 
valence bond representation of, 61 
MeTHE, as methylating agent, 842 
Methine groups, 5, 19 
chemical shifts of, 404 
Methionine, 922 
in methylation reactions, 229 
Methoxide ion, as nucleophile, 156 
Methoxy group, 23 
Methoxyethane, boiling point of, 69 
N-Methylacetamide, IR spectrum of, 466 
Methyl acetate, 704 
hybridization of atoms in, 62 
Methyl acrylate, 319, 903 
o-Methyl amino acids, 933 
3-Methyl-1-butanol, 219 
Methyl carbanion, 58 
valence bond representation of, 59 
Methyl carbocation, 58 
valence bond representation of, 58 


Methyl cyanoacrylate, 903 
Methylcyclohexane, 91 
2-Methylcyclohexanone, 757 
1-Methylcyclohexene, 268 
Methylcyclopentane, 382 
Methyldiazonium ion, 715 
Methylene carbene, 58 
from diazomethane, 293 
singlet versus triplet, 74 
valence bond representation of, 59 
Methylene chloride 
as product from chlorination of 
methane, 365 
as solvent, 200 
Methylene epoxides, 690 
Methylene groups, 5, 19 
as exocyclic double bonds, 245 
chemical shifts of, 404 
from reduction reactions of carbonyl 
groups, 621 
o-Methylene lactones, 827 
Methyl ethyl ketone, 606 
Methyl ethyl sulfoxide, 72 
Methyl formate, 704 
Methyl groups, 5, 19, 20 
chemical shifts of, 404 
coupled vibrations in, 458 
electron donation from, 187 
1-Methylinosine, 985 
Methyl iodide 
as reactant for the methyl Grignard 
reagent, 490 
Methyllithium, 496 
Methyl methacrylate, 903 
N-Methylmorpholine-Moxide, 341 
Methyl nitrite, 73 
Methyl phosphate, 959 
2-Methylpropane, 20 
2-Methylpropene, 74 
Methylpyridinium iodide, 865 
Methyl radical, 58 
in radical chlorination of methane, 
365 
valence bond representation of, 59 
Methyl vinyl ether, 74 
Methyl vinyl ketone, 837 
Michael acceptors, 825 
as monomers for anionic 
polymerization, 903 
Michael reactions 
of B-dicarbonyl compounds, 834-825 
of enolate ions, 835-836 
Migration of R groups 
in Baeyer-Villiger reaction, 624 
in Beckmann rearrangement, 673 
in hydroperoxide adducts of 
organoboranes, 289 
Migratory insertion, 501 
in enantioselective hydrogenation, 
540 
in Ziegler-Natta polymerization, 903 
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in homogeneous hydrogenation 
reactions, 503 
Mineral acids, 144 
in electrophilic addition of H9O to 
alkenes, 269 
Minor groove, 966 
Minus sign (-), as designation for 
levorotatory, 114 
Mirror plane, 113 
in assessing magnetic equivalence, 400 
in meso compounds, 125 
Mitsunobu reaction, 216-217 
Mixed cuprate reagents, 726 
Model building, to assign 
configurations, 118 
Molecular biology, 921 
Molecular cavity 
in AD reactions, 547 
Molecular collision, 159 
Molecular ions, 449 
patterns for, in mass spectra, 452—454 
Molecular orbitals, MOs, 307 ff. 
in Diels-Alder reactions, 320 
of aromatic compounds, 563 
Molecular oxygen, see also Oxygen, 382 
Molecular polarity, 41 
Molecular recognition, 969 
Molecular sieves 
in acetal formation, 639 
in esterification, 707, 716 
Molecular weights, in polymers, 896 
Molozonide, 339 
MOM group, 641 
Monodisperse, 896 
Monomer, 893 
Morpholine, 683 
MO representations 
of 1,3-butadiene, 312 
of ethylene C-C bonds, 311 
of hydrogen, 308 
of methane C-H bond, 308 
Mosher's acid, 537 
MO theory, 307 
MRI, 397 
MTPA, Mosher's acid, 537 
Multiple bonds, 2 
in Lewis structures, 37 
lengths of, 43 
Multiple-bond index, 9, 11 
in naming molecules, 26 
Multiplicity, in spin-spin splitting, 410 
Mutorotation, 650 
MW, determination by mass 
spectrometry, 451 
Myoglobin, 167, 168 


N 
n+ 1 rule, 410 
4n + 2 rule, see Hückel's rule 
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as designation for substitution at 
nitrogen, 15 
in nomenclature of amides, 702 
N.R., 139 
NAD* and NADP*, 352 
in formation of o-ketoglutarate, 771 
NADH 
as reactant in TPP reactions, 881 
in reduction of imines, 677 
in reduction reactions of aldehydes 
and ketones, 618 
NADPH 
in reduction reactions of aldehydes 
and ketones, 618 
NAG, 654 
NaH 
in preparation of alkoxide ions, 218 
in preparation of azole ions, 880 
in Williamson ether synthesis, 219 
NAM, 654 
Name reactions, 139 
Naming molecules, 25 ff. 
NaOCl, as oxidant, 543 
Naphthalene, 565, 859-862 
a and В positions in, 860 
bond lengths in, 860 
electrophilic substitution reactions of, 
860 ff 
sulfonation, 862 
nitration, 862 
kinetic versus thermodynamic 
reactions, 862 
steric effects in, 861 
Natta, Giullio, 902 
NBS, 372 
Neoprene, 919 
Neutron spin, 398 
Newman projections, 78 
in carbohydrates structures, 643, 647 
Nickel 
in hydrogenation reactions, 334 
in removal of sulfur atoms, 374 
Nicolaou, К. C., 387 
Nicotinamide adenine dinucleotide, see 
NAD* 
Nicotine, 526, 866 
Nicotinic acid, 866 
Nitric acid 
as reagent for oxidizing 
carbohydrates, 661 
in electrophilic aromatic substitution 
reactions, 5771 
Nitrile rubber, 917 
Nitriles, 4, 724 
aromatic, 590 
as acids, 144 
as product of substitution reaction, 
179 
carbanions of, in directed aldol 
reactions, 794 


identification of, from IR spectra, 460 
methods of preparation for, A5 
reactions with 
hydrogen and catalyst, 337 
methanol and HCl, 725 
water (hydrolysis), 724, 928 
single-bond equivalents for, 108 
Nitrobenzene, 338 
in electrophilic aromatic substitution 
reactions, 581 
IR spectrum of, 469 
Nitro compounds 
and oxidation level, 334 
hydrogenation reactions of, 337 


identification from IR spectra, 460, 469 


in Henry reaction, 
in Michael reactions, 835 
in SyAr reactions, 593 
methods of preparation for, A5 
Nitroethylene, 327 
Nitrogen atoms 
chirality of, 122 
detection by mass spectrometry, 454 
oxidation levels of, 333 
oxidation reactions of, 353 
protonation of, in imines, 679 
pyramidal inversions of, 122 
Nitrogen rule, 454 
Nitrogen, as leaving group, 589 
Nitro groups, 15 
formal charges in, 39 
reduction to amino groups, 571 
resonance structures for, 43 
Nitronium ion 
as electrophile in aromatic 
substitution reactions, 571 
Nitronium tetrafluoroborate, 571 
p-Nitrophenyl acetate, 724 
Nitrosobenzene, 599 
Nitroso compounds 
and oxidation level, 334 
identification from IR spectra, 469 
4Nitrotoluene, 413 
Nitrous acid, 588 
Nitroxyl radicals, 334 
NMR spectroscopy, !?C, 426-485 
chemical shifts, 426 
broad band decoupling, 428 
DEPT spectra, 429 
in confirmation of structures, 434 ff. 
off-resonance decoupling, 428 
NMR spectroscopy, !H, 397-425 
chemical shifts, 402 
for aliphatic protons, 403 
for benzene derivatives, 586 
equivalent protons in, 399-401 
genesis of, 398 
in measuring ee of reactions, 536 
integrated intensity values, 406-407 
long range coupling in, 568 
of substituted benzene rings, 568 


of 1,2,4-trisubstituted benzene rings, 
586 
ortho coupling in, 568 
ortho effect, 586 
primary characteristics of, 414 
spin coupling in, 408-413 
NMR spectrum, }3C 
of allyl chloride, 427—429 
of 2-butanone, 431 
of 4-bromo-1-butene, 432 
of 3-bromotoluene, 432 
of 4-butylbenzoic acid, 474 
of 3,2-dimethyl-2-cyclopentenone, 
476 
of ethyl isobutyrate, 472 
NMR spectrum, ЇН 
of bromoacetone, 401, 406 
of 1-bromo-4-ethylbenzene, 416 
of 4-butylbenzoic acid, 474 
of chloroacetone, 408 
of 2-chloropropane, 411 
of 1,4-dimethoxybenzene, 407 
of 3,3-dimethyl-2-cyclopentenone, 476 
of DMF, 943 
of ethyl acetate, 415 
of ethyl trans-2-butenoate, 424 
of ethyl isobutyrate, 472 
of 2,5-hexanedione, 407 
of methyl 2,3-dibromo-2- 
methylpropanoate 
of 2-nitro-4-methylphenol, 568 
of I-pentyne, 471 
of 2-phenylethanol, 417 
of trans-3-phenylpropanoic acid, 423 
of propanoyl chloride, 408 
of pyridine, 890 
No-bond resonance forms, 188 
Nodes 
in orbitals, 49 
in sp hybrid orbitals, 57 
in sf? hybrid orbitals, 54 
in sp? hybrid orbitals, 52 
Nomenclature, 8 
of bicyclic compounds, 99, 100 
of thioethers, 227 
of thiols, 226 
of benzene derivatives, 566-567 
of carboxylic acid derivatives, 702 
of polymers, 894 
Nonactin, 973-974 
Nonadecane, 10 
Nonanal, IR spectrum of, 465 
Nonane, 10 
Non-bonded electron pair, see Unshared 
electron pair 
Noncovalent interactions, 66, 969 
Nonpolar bonds, in hydrocarbons, 41 
Nonpolar solvents, 200 
Non-superimposable, 111 
Norbornane, 100 
Norepinephrine, 231 


Novocain, 32, 72 
Noyori, Ryoji, 540, 617. 845 
N-terminus, 167, 937 
Nuclear magnetic resonance, see NMR 
Nuclei 
in generation of NMR spectra, 398 
in resonance forms, 44 
Nucleic acids, see also DNA and RNA 
biosynthesis of, 962-964 
Nucleophiles, 155 
as Lewis bases, 158 
as reactant in nucleophilic 
substitution reactions, 177 
classification of by degree of basicity, 
181 
enolate ions as, 759 
features of good, 179 
in calicheamicin cyclization reaction, 
388 
naked, 971 
reactions with epoxides, 224 
reactivity patterns for, in substitution 
reactions, 203 
Nucleophilic aromatic substitution, see 
also SpAr reactions 
in amino acid identification, 951 
in polycarbonate formation, 919 
of pyridine, 868-869 
Nucleophilic substitution reactions, 177 
limiting mechanisms for, 203 
Nucleophilicity, factors affecting, 180 
Nucleosides, 953-954 
preparation of, 958 
Nucleotides, 954-955 
Number average molecular weight, 896 
Numbering 
in naming molecules, 25 
in ring compounds, 18 
Nylon 908, 935 


о 


o-, as abbreviation for ortho, 567 
O., as designation for substitution at 
oxygen, 15 

Octadecane, 10 

Octane, 10 . 
boiling point of, 69 

Octet rule, 35 
and resonance forms, 46 
apparent violation of in Sy2 reaction, 

197 

exceptions to, 36 

1-Octyne, IR spectrum of, 463 

4-Octyne, IR spectrum of, 462 

Off-resonance decoupling, 428 
expected patterns for, 429 

Olefin, 239 

Oleum, 571 

Oligosaccharides, 652 

Optical purity, 537 

Optically active, 112, 113 


Orbital nodes, 49 
in 1,3-butadiene, as function of 
energy, 312 
in molecular orbitals, 307 
Orbitals 
atomic, types of, 49 
molecular, 308 
nodes in, 49 
overlap to form б bonds, 49 
overlap to form x bonds, 55 
sp hybrid orbitals, 57 
sp? hybrid orbitals, 54 
sf? hybrid orbitals, 52 
Organic bases, 150 
Organic chemistry, 1 
Organic peroxides in HBr addition 
reactions, 378 
Organoboranes, 285 ff. 
chiral, 543 
in Suzuki reaction, 504 
methods of preparation for, A5 
reaction with 
aryl halides, 504 
carboxylic acids, 292 
hydroperoxide ion, 289 
Organochlorosilanes, 608 
Organocopper compounds, 498-500 
adducts with boron trifluoride, 839 
conjugate addition reactions of, 
838-840 
oxidative addition reactions of, 502 
reactions with 
acid chlorides, 725 
organohalides, 499-500 
o,B-unsaturated carbonyl 
compounds, 838-840 
reactivity toward carbonyl 
compounds, 499 
reductive elimination reactions of, 502 
Organofluorine compounds, and 
tributyltin hydride, 377 
Organohalides, see Alkyl halides, Aryl 
halides 
Organolithium compounds, 496 see also 
Grignard reagents 
as nucleophiles, 156 
direct addition of, 838 
for synthesis of organocuprates, 
498—499 
methods of preparation for, A5 
on cross-linked polystyrene, 913 
reactions with aldehydes and ketones, 
611 
Organomagnesium compounds, see 
Grignard reagents 
Organometallic compounds 
in biochemical systems, 383 
methods of preparation for, A5 
reactions with pyridine and 
derivatives, 870 
Orientation effects 
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from magnetic fields, 404 
in catalysis, 171 
Orotate, 961 
Ortho, 567, 575 
Ortho coupling, 568 
Ortho effect, 586, 747 
Ortho/para directors, 575 
Osmate ester, 341 
Osmium tetroxide, 341 
in AD reactions, 546 
Overtone vibrations, 459 
Oxacyclopropanes, see Epoxides 
Oxalic acid, 749 
Oxaloacetate, 353 
from pyruvate, 810 
in citrate biosynthesis, 801 
Oxalosuccinate, 557 
Oxalyl chloride, 737 
in Swern oxidations, 346 
Oxaphosphatanes, 685 
Oxazaborolidines, 615 
Oxazole, 879 
Oxetane, 522 
Oxidation level, 332 
Oxidation reactions, 141 
definitions, 332 
of alcohols, 346-358 
in biochemical systems, 351-353 
of aldehydes, 622 
of alkenes, 338-345 
with osmium tetroxide, 339 
with ozone, 339 
with peracids, 344 
with periodate, 342 
with singlet oxygen, 338 
of alkyl aromatic compounds, 587, 866 
of amines, 353-354 
of diols, 342 
of ketones, 623 
of polycyclic aromatic compounds, 
862-863 
of pyridine, 865 
of thiols, 946 
Oxidation state, 501 
Oxidative addition, 501 
in enantioselective hydrogenation 
reactions, 540 
in homogeneous hydrogenation 
reactions, 503 
in organocuprate reactions, 502 
in Suzuki reactions, 504 
N-Oxides 
of amines, 354 
of pyridine, 866 
Oxime acetates, 263 
Oximes 
Beckmann rearrangements of, 673 
dehydration of, 672 
isomers of, 673 
preparation of, 671 
Oxiranes (see Epoxides) 
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Oxo groups, 15 
in transition metal compounds, 384 
transfer of, 543 
Oxone, 545 
Oxygen 
cycloaddition reactions of, 339 
from superoxide and peroxides ions, 
383 
in reactions with arachidonic acid, 385 
reduction reactions of, 382 
singlet oxygen from, 338 
storage of, in muscles, 167 
Oxygen-oxygen bond 
in organoborane oxidation, 289 
strength of, 372 
Oxymercuration, 274 
Ozone, 339 
Ozonides, 339 


Р 
f» as abbreviation for para, 567 
Palladium 
as catalyst for hydrogenation, 334 
as catalyst for hydrogenolysis, 374 
in Suzuki reaction, 504 
Para, 567, 575 
Partial t bond, 305 
Partial charges, 41 
Parts per million, see ppm 
Pasteur, Louis, 114 
Pauli exclusion principle, 307 
Pauling, Linus, 40, 52 
scale of electronegativity values, 40 
PCC, 348 
Pedersen, Charles, 970 
Pentadecane, 10 
Pentadiene, isomers of, 305, 306 
Pentane, 10 
2,4-Pentanedione, anion of, 73 
Pentanethiol, 226 
Pentanoic acid, 13 
2-Pentanol, 241 
2-Pentanone, 6 
Pentanoyl group, 703 
2-Pentenal, 18 
1-Pentene, 12, 241 
2-Pentene, 241 
Pentose phosphate pathway, 799 
1-Pentyne 
1H NMR and IR spectra of, 471 
Peptide bonds, 166 
restricted rotation in, 943 
Peptides 
automated synthesis, 939 
contrasts with polyamides, 935 
sequences of, 937 
syntheses of, 937-940 
Peracetic acid, 344 
Peracids 
in Baeyer-Villiger reactions, 624 
in epoxidation reactions, 344 


Perdeutero compounds, 414 
Pericyclic reactions, 142, 317 
of alkenes 
with osmium tetroxide, 341 
with ozone, 339 
with singlet oxygen, 338 
Periodate ion, 342 
Perkin reaction, 820 
Peroxide ion, 382 
acid-base chemistry of, 383 
Peroxides, in HBr addition reactions, 
378 
Peroxyacyl compounds, 624 
Persulfate ion, 545 
PET, see Polyethylene terephthalate 
pH 
effect on imine formation, 670 
effect on lysozyme reactions, 648 
relationship with pK, values and 
ionization state. 925 
Pharmaceutical products, 527 
Phenanthrene, 565, 859 
Phenolate ions, as nucleophiles, 179 
Phenols, 4, 11 
as acids, 144 
as reactants in Mitsunobu reaction, 
217 
as substrate type, 182 
as unreactive substrates, 212 
identification of, from IR spectra, 460 
methods of preparation for, A5 
proton exchange in, 414 
reactivity in electrophilic aromatic 
substitution, 579 
Phenoxyacetic acid, 209 
Phenoxy group, 15 
Phenylalanine, 168, 557, 922 
Phenylalanine +RNA, 968 
Phenyl carbocation, 188 
Phenyl group, 24 
Phenyl radical, 372 
2-Phenylethanol, ЇН NMR spectrum of, 
417 
Phenylhydrazine, 671 
Phenylisothiocyanate, 941 
1-Phenylpropane, 81 
trans-3Phenylpropanoic acid, ЇН NMR 
spectrum of, 423 
Phenylselenation, 824 
Phenylselenide groups, in tributyltin 
reactions, 377 
Phenylselenium chloride, 761 
in conjugate addition reactions, 840 
reactions with 
ester enolate ions, 763 
hydrogen peroxide, 762 
ketone enolate ions, 761 
Phenylselenoxides, elimination of 
PhSeOH from, 762 
Phenylsulfuryl chloride, 762 
NPhenylthiohydanoin, 942 


Phillips, Henry, 198 
Phosgene, 907 
Phosphate ions, 228 
as guest molecules, 978 
Phosphatidyl choline, 230 
Phosphines, as nucleophiles, 156 
Phosphodiesters, 959 
Phosphoesters, 953, 959 
Phospholipids, 714 
Phosphonate ylides, 688 
Phosphonium salts 
as product of substitution reaction, 
179 
via Sy2 reaction, 685 
Phosphoric acid anhydrides, 959 
Phosphoric acids, 746 
Phosphorus atoms 
chiral, 540 
configurations of, 122 
Phosphorus tribromide 
as electrophile, 156 
in alcohol substitution reactions, 215 
Phosphorus ylides, 684-689 
Phosphorylation 
of carbohydrates, in glycolysis, 795 
of fatty acids, 811 
Phosphotriesters, 959 
Photolysis, as method for 
cyclopropanation, 293 
Photosensitizer, 338 
Phthalic acid, 775 
Phthalic anhydride, 737 
Phthalimide, 775 
Physical properties 
influence of hydrogen bonds on, 69 
of racemates, 114 
Physical separation, 446 
Pi (1) bonds, 59 
as nucleophiles, 156 
in addition reactions, 140 
in elimination reactions, 141 
in sites of unsaturation, 448 
magnetic anisotropy, 404 
oxidation levels of, 333 
T-Complexes, 564 
Pi antibond (л*), 310 
Pi stacking 
in synthetic receptors, 979 
in DNA structures, 964 
Picoline, 866 
Pinacolone, 629 
Pinacol rearrangement, 629 
Pinene, 31, 103, 526 
a-Pinene, 541 
Piperidine, 683, 711 
basicity of, 151, 152 
pK, values, 143 
of acidic groups in amino acids, 925 
of aldehydes, 788 
of alkylpyridine derivatives, 871 
of carbonyl compounds, 751 


of carboxamides, 749 
of carboxylic acids, 746 
of esters, 763 
of imides, 774 
of ketones, 750 
of nitriles, 764 
of phosphoric acids, 746 
of protonated pyrrole rings, 874 
of sulfonic acids, 746 
of sulfur compounds, 226 
relationship with pH values and 
ionization state, 925 
pK, values, relation to pK, values, 152 
Planar ring, assessment of chirality in, 
127 
Planarity 
of amide functional groups, 62 
of benzene rings, 63 
Plane of symmetry, 399 
Plane-polarized light, 112, 114 
Plastics, 279, 896 
Platinum 
2+ cation, as catalyst in hydration of 
alkynes, 277 
metal, as catalyst for hydrogenation 
reactions, 334 
oxide (PtOs), 334 
PLP 
in amino acid metabolism, 678-681 
imine formation by, 678 
in tryptophan biosynthesis, 879 
Plus sign (+), designation for 
dextrorotatory, 114 
PMP 
as intermediate in amino acid 
metabolism, 678 
regeneration of PLP from, 681 
Poisoned catalyst, 375, see also Lindlar 
catalyst 
Polar aprotic solvents, in Sy2 reactions, 
199, 200 
Polar bonds, 40 
in alkyl halides, 178 
examples of, 42 
Polar reactions, 142 
roles of electrophiles and , 
nucleophiles in, 155 
Polarities 
of molecules, 41 
use of arrows to show, 42 
Polarizability, 41 
effect on nucleophilic properties, 180 
Poly(acrylonitrile), 380 
Polyalkylation 
of active methylene compounds, 767 
of benzene in Friedel-Crafts alkylation 
reactions, 573 
of ketone enolate ions, 760 
Polyamides, 907-908 
contrast with polypeptides, 935 
Polycarbonates, 907 


Polycyclic arenes 
numbering in, 859 
resonance stabilization in, 860 
Polydispersity index, 896 
Polyesters, 906-907 
general scheme for synthesis, 905 
Polyethylene, 894 
high-density, 897, 902 
long-chain branching in, 901 
low-density, 901, 902 
short-chain branching in, 900 
Poly(ethylene oxide), 909 
Polyethylene terephthalate, 902 
Polygon, 6 
Polyisobutylene, 280, 898 
Polymerization 
anionic, 903 
cationic, 898 
chain-growth, 898-904 
degree of, 908 
radical, 899 
ring-opening, 908 
step-growth, 904-910 
Ziegler-Natta, 902 
Polymers, 279, 893 
acidic, as catalyst for aldol reactions, 
791 
addition, 898 
branched, 900 
chain-growth, 898-904 
condensation, 903 
cross-linked, 911 
domains in, 897 
hydrogen bonds in, 908 
molecular weights of, 897 
step-growth, 904-910 
stereochemistry of, 897 
types of copolymers, 894-895 
Polymer-supported reagents, 912 
Poly(methyl methacrylate), 900 
Polypeptide, 167 
Polypropylene, 893 
Polystyrene, 380, 911 
IR spectrum of, 459 
Polysubstituted benzene rings, 582 
Polyurethanes, 910 
Poly(vinyl chloride), 902 
Poly(vinylidene dichloride), 894 
Porphine, 874 
Porphyrins, 874 
Positional isomers, 19, 106 
Post-translational modification, 923 
Potassium fertbutoxide, 150 
Potassium hydride, 756 
Potassium ion 
affinity of, for oxygen atoms, 756 
in preparation of crown ethers, 970 
Potassium permanganate, 349 
as oxidant for aldehydes, 623 
for oxidation of alkylbenzenes, 588 
Potassium phthalimide, 775 
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Ррт, as measure of chemical shifts, 401 
Prebiotic, 956 
Prefixes, for multiple substituents, 15 
Preorganization, 972 
Primary alcohols, see also Alcohols 
as products of Grignard reactions, 
492, 493 
conversion to aldehydes, 346, 348, 351 
conversion to carboxylic acids, 346 
from reduction of aldehydes, 612 
Primary amide, 20, see also Amides 
Primary amines, 20, 151, see also Amines 
difficulty of, in preparation by Sy2 
reactions, 201 
from Gabriel reaction, 774 
from hydrogenation reactions, 337 
from reduction reactions of oximes, 
676 
oxidation to nitro compounds, 354 
reactions with aldehydes and ketones, 
669 
Primary carbocations, nonexistence of, 
188 
Primary carbon atom, 19 
Primary hydrogen atom 
in bromination reactions, 371 
in chlorination reactions, 368 
Primary structure 
of nucleic acids, 961 
of proteins, 941 
Primer, in DNA replication, 963 
Principal functional group, 12 
in naming compounds, 25 
Pro-(R) configuration, 532 
Pro-(S) configuration, 532 
Prochirality, 531-534 
Product-favored reactions, 161 
Products 
in mechanisms, 186 
of chemical reaction, 137 
Product yield, 139 
in kinetic resolution, 536 
Progesterone, 31 
Proline, 922 
biosynthesis of, 697 
in proteins, 944 
Propagation steps 
in alkyl halide reduction reactions, 
377 
in HBr addition reactions of alkenes, 
379 
in methane chlorination, 365 
in polymer formation, 899 
in radical reactions, 364 
in reactions using tributyltin hydride, 
377 
Propane, 10 
chlorination of, 368 
1-Propanol, boiling point of, 69 
Propanoyl chloride, ІН NMR spectrum 
of, 408 
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Propene, 24 
valence bond representation of, 56 
2-Propenyl group, 24 
Propiophenone, 606 
Propyl group, 20 
2-Propyl group, 20 
Prostaglandin endoperoxide synthase, 385 
Prostaglandins, 384 
Protecting groups, 506, 513-516 
features of, 513 
for alcohols, 641 
for aldehydes and ketones, 640, 642 
for amino acids, 931-932 
table of, 514 
Proteins, 167, see also Peptides 
crosslinking by imines in, 677 
primary structures of, 941 
quaternary structures of, 946 
secondary structures of, 944 
sequencing of, 941 
structural representations of, 946 
structural roles for, 676 
tertiary structures of, 946 
Protic solvents, 183, 200 
reactions with Grignard reagents, 490 
Proton nuclear magnetic resonance, see 
1H NMR 
Proton transfer reaction, 140 
Protonated alcohol, as strong acid, 180 
Protonated methane, 450 
Protonolysis, of organoboranes, 292 
Protons 
as electrophiles, 156 
exchange of, in NMR spectroscopy, 
414 
in spin coupling, 409 
roles in acid-base reactions, 143 
spin, 398 
Proximity effects in catalysis, 171 
Prozac, 32, 72 
precursor to, 618 
PRPP, 959 
D-Psciose, 655 
Pseudouridine, 985 
Purine, 956 
Purine bases, 956 
pairing with pyrimidine bases, 964 
Purity 
assessments by elemental analyses, 448 
assessments for structure 
determinations, 446 
РУС, 380, see also Poly(vinyl chloride) 
Pyramidal inversion, of nitrogen atoms, 
122 
2H-Pyran, 641 
as basis of carbohydrate names, 646 
Pyranose, 646 
Pyranoside, 652 
Pyrazine, 872 
Pyrazole, 879 
Pyridazine, 872 


Pyridine, 864-872 
as base, 865 
as nucleophile, 865 
as polar aprotic solvent, 200 
as reactive portion of NAD*, 352 
as ring system in NAD+, 871 
basicity of, 152 
electrophilic substitution of, 866 
hydrochloride salt, 865 
in ester formation, 710 
oxidation reactions of, 866 
Noxide derivative, 866 
reactions of, 870, 872 
reactions with 
alkyl halides, 865 
electrophiles, 866 
hydride ion, 871 
metal ions, 865 
nucleophiles, 868 
organometallic compounds, 870 
similarity of, with carbonyl 
compounds, 868-872 
Pyridinium chloride, 865 
Pyridinium chlorochromate, see PCC 
2-Pyridone, 890, 957 
Pyridoxal-5'-phosphate, see PLP 
Pyridoxamine-5'-phosphate, see PMP 
Pyridoxine, 678 
Pyrimidine, 872 
bases, 955 
pairing with purine bases, 964 
nucleosides, 955 
Pyrophosphate ion, 228 
as leaving group in biochemical 
reactions, 281 
Pyrrole, 873-877 
basicity of, 874 
electrophilic substitution reactions of, 
876-877 
hybridization of atoms in, 62 
instability of, toward acids, 876 
preparation of, 875 
Pyrrolidine, 683 
Pyruvate, 619, 746 
as product of Entner-Doudoroff 
pathway, 799 
carboxylation of, 810 
decarboxylation of, 881 
Pyruvate decarboxylase, 882 
Pyruvic acid, 557 


Q 
Qiana, 919 
Quantitative yield, 139, 387 
Quantum mechanics 
simplification as molecular orbital 
theory, 307 
simplification as valence bond theory, 
49 
Quaternary ammonium ions, 151 
chirality of, 122 


from Sy2 reactions, 201 

in substitution reactions, 229 
Quaternary carbon atom, 19 
Quaternary structure, of proteins, 946 
Quinidine, 546 
Quinine, 529, 546 
Quinoline, 598 

in Lindlar catalyst, 336 


R 


Rconfiguration, 116 
R group, 14 
R, Sconfiguration, 113 
Racemate, see Racemic mixture 
Racemic mixture, 113, 114, 525 
formation in Syl reactions, 195 
Racemization, 113 
in Syl reactions, 196 
of thalidomide, 754 
role of enol in, 753 
Radical anions 
from alkynes, 376 
from enones, 845 
superoxide ion as, 382 
Radical cations, 449 
Radical reactions, 142 
of bromine with alkanes, 370 
of chlorine wtih 
ethane, 368 
methane, 364 ff 
propane, 368 
of HBr, 378-379 
of NBS, 372 ff. 
of tributyltin hydride, 368, 381 
polymerization, 380 
Radicals 
as intermediates in oxidation of 
alkylbenzenes, 587 
conjugate addition reactions of, 855 
formation of, 363 
reactions of, 363 
stabilities of, 369 | 
Random coil conformation, 945 i 
Random copolymers, 894 
Raney nickel, 374 | 
in desulfurization of thioacetals, 643 I 
Rate determining step, 154, 183 { 
Rates of cyclization, and ring size, 202 f 
Reactant-favored reaction, 161 | 
Reactants 
in chemical reactions, 137 
in mechanisms, 186 
Reaction conditions, 138 
Reaction coordinate, 160 
Reaction coordinate diagram 
for El reaction of 2-pentanol, 243 
for electrophilic addition of HX to 
alkenes, 269 
for electrophilic aromatic substitution 
reactions, 570 


for first step in electrophilic aromatic 
substitution, 577 
for halogenation reactions of 
methane, 370 
for reaction between 1,3-butadiene 
and HBr, 315 
for Syl reaction, 189 
Reaction intermediates, 163 
in electrophilic aromatic substitution 
reactions, 576 ff. 
Reaction mechanism, see Mechanisms 
Reaction rates 
of Syl reactions, 191 
of Sy reactions, 197 
Reaction stereochemistry 
of E2 reactions, 246 
summary preview of, 130 
Reactions, see Chemical reactions 
Reactive intermediates 
hybridization of atoms in, 58 
Reactivity patterns 
in electrophilic aromatic substitution 
reactions, 575 
in substitution reactions, 208 
Reactivity ratios 
in bromination reactions, 371 
in chlorination reactions, 369, 371 
Reagents, 138 
for nucleophilic substitution 
reactions, 179 
in mechanisms, 186 
polymers as scavengers of, 913 
Rearrangement reactions, 141 
absence of, in solvomercuration 
reactions, 275 
Beckmann, 678 
Curtius, 783 
Hofmann, 773 
in Friedel-Crafts alkylation, 572 
of carbocations, 192 
of hydroperoxide adducts of 
organoboranes, 289 
Wagner-Meerwein, 192 
Rearrangements in mass spectrometry, 
456 
Receptor cavity а 
cylindrical, 975 
size of, in crown ethers, 971 
Receptors, 969 
clefts in, 980 
rectus (Latin), 116 
Recycling symbols, 901 
Redox reaction, 141 
Reducing sugars, 659 
Reduction, definition of, 332 
Reduction reactions, 141 
of aromatic nitro compounds, 571 
Reductive amination, 675 
Reductive elimination, 501 
in enantioselective hydrogenation, 
540 


in homogeneous hydrogenation 
reactions, 503 
in organocuprate reactions, 502 
in Suzuki reaction, 505 
Reference compound 
for absolute configurations, 115 
in PC NMR spectra, 426 
in ЇН NMR spectra, 401 
Regiochemistry 
of Diels-Alder reaction, 322 
or radical cyclization reactions, 382 
Regioselective, 269 
Regioselectivity 
in electrophilic addition of H20, 270 
in electrophilic addition of HX, 269 
in formation of halohydrins from 
alkenes, 272 
in hydroboration of alkenes, 287 
in ring-forming addition reaction, 283 
in solvomercuration of alkenes, 274 
in synthesis, 511 
Regiospecific, 269 
Remainder of molecule, R, 14 
Removal of metal ions 
from products of alkyne hydration, 
278 
from products of solvomercuration 
reactions, 274 
Repeat unit, 893 
Reproductive functions, 385 
Residue (protein), 166 
Resolution, see also Enantiomeric 
resolution 
of racemic amino acids, 929-930 
Resonance effects 
in Diels-Alder reaction, 319 
in electrophilic aromatic substitution 
reactions, 576 
influence of acid strength, 147 
Resonance energy 
of benzene, 562 
of furan, 877 
of polycyclic arenes, 860 
Resonance forms, see Resonance 
structures 
Resonance hybrid, 44 
Resonance stabilization 
in reactions of conjugated dienes, 313 
of carbonyl compounds, 751 
of carboxamide ions, 749 
of enolate ions, 750 
of enolate ions from f--dicarbonyl 
compounds, 766 
of imide ions, 774 
of sulfonic and phosphoric acids, 746 
Resonance structures 
electron movement in, 44 
nuclei positions in, 44 
of benzyl carbocation, 64 
of butadiene, 305 
of naphthalene, 860 
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of pyrrole, 874 
rules for drawing, 44 
rules for evaluating, 46 
structurally equivalent forms of, 46 
Restricted rotation, in biphenyl 
derivatives, 127 
Retention of configuration, 115, 196 
in alkyl sulfonate synthesis, 214 
in Baeyer-Villiger reaction, 624 
in epoxidation reactions of alkenes, 
344 
in epoxide ring-opening reactions, 
224 
in Hofmann rearrangement, 774 
in organoborane reactions, 291 
Retro, 319, 790 
Retroaldol reactions, 790 
in glycolysis, 796 
in pentose phosphate pathway, 799 
Retro-Claisen condensation, 803 
in fatty acid metabolism, 813 
Retrosynthesis, 506 
of asymmetric reactions, 548-553 
Reverse turn, 75, 945 
Reversible reaction, use of double 
arrows in, 137 
R group, 14 
Rheumatoid arthritis, 385 
Rhodium (I) 
in hydrogenation catalysts, 934 
in Wilkinson’s catalyst, 502 
R configuration, in assignment of 
configurations, 119 
Ribbon diagrams, 946 
D-Ribose, 644 
D-Ribulose, 655 
Ring flip 
effect on rate of E2 reactions, 250 
in chair cyclohexane, 85 
possible involvements in E2 reactions, 
249 
Ring formation 
by Dieckmann reaction, 805 
from enolate ions of B-dicarbonyl 
compounds, 767 
in cyclic amines, 202 
in radical reactions, 381 
in Williamson ether synthesis, 220 
via electrophilic addition reactions, 
283 
Ring size, effect on cyclization rates, 202 
Ring-opening polymerization, 908 
Rings 
in sites of unsaturation, 448 
polygon representations, 7, 10 
RNA polymerase, 962 
RNA 


sequences, 962 

translation of, 921 
tRNA molecules, 968 
Robinson annulation, 837-838 
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Rubber, 898 
Ruthenium 
in catalysts for ketone reduction, 617 


$ 


Sconfiguration, 116 
S. as designation for substitution at 
sulfur, 15 
Saccharic acids, 661 
Saccharides, see Carbohydrates 
Salen, 543 
Sandmeyer reaction, 590 
Saponification, 716 
Saran, 895 
Sawhorse projection, 78 
Saytzeff, Alexander, 241 
Saytzeff product 
in El reactions, 242 
in E2 reactions, 247 
SBR, 917 
Scalemic, 113 
Scalemic mixture, 534 
Schiff bases, see Imines 
Schiff-base catalysis 
in glycolysis, 797 
in pentose phosphate pathway, 799 
Schotten-Baumann procedure, 711 
in formation of benzamide derivatives, 
772 
Schrödinger, Erwin, 49 
s-cis conformation, 319 
Scissile bond, 720 
sec, as abbreviation for secondary, 21 
Secondary alcohols, see also Alcohols 
as products of Grignard reactions, 
492, 493 
as products of Grignard reactions with 
esters, 727 
conversion to ketones via oxidation, 
346, 348, 351 
from reduction of ketones, 612 
Secondary amides, 20, see also Amides 
Secondary amines, 20, 151, see also 
Amines 
as reactant in Mannich reaction, 825 
in amino acids, 927 
oxidation to hydroxylamines, 354 
reactions with aldehydes and ketones, 
682 
Secondary carbon atom, 19 
Secondary hydrogen atom 
in bromination reactions, 371 
in chlorination reactions, 368 
Secondary ion mass spectrometry, 451 
Secondary magnetic fields, 401 
Secondary structures 
of nucleic acids, 966—968 
of proteins, 945 
Sedoheptulose, 799 
formation of, 884 
Segmented copolymers, 894 


Selectivity, of bromination versus 
chlorination, 371 
Selenium, in Raney nickel reactions, 375 
Self-condensation, as complication of 
enolate ion formation, 759 
Semicarbazide, 696 
Separation 
of chemical mixtures, 446 
of diastereomers, in enantiomer 
resolutions, 528 
of gas-phase ions in mass 
spectrometry, 449 
Serine proteases, 720-724 
covalent bond formation in, 722 
Serine, 922 
benzyl ether derivative of, 937 
in tryptophan biosynthesis, 879 
Sharpless, K. Barry, 546 
B-Sheets, 944-945 
Shi, Yian, 545 
Shielding, in NMR spectra, 401 
Short-chain branching, 900 
9 configuration, 119 
Sigma (б) bonds, 50 
between hybrid orbitals, 55 
rotation about, 78 
Sigma antibonds (6*), 307 
Sigmatropic reactions, 318 
Silicon enols, 794 
Silver(I) ions, in oxidation of 
carbohydrates, 659 
Simmons-Smith reaction, 293 
Single bond, 2 
Single-bond equivalents, 108 
Singlet methylene, 74 
Singlet oxygen, 338 
in cycloaddition reactions, 339 
sinister (Latin), 116 
Sites of unsaturation, 448 
Six-membered rings 
as product of Diels-Alder reaction, 318 
in formation of cyclic ethers, 220 
Skeletal isomers, 19, 106 
Sleep cycles, 385 
Slow-release of bromine, 373 
Small rings, angle strain in, 82 
Smalley, К. Е., 864 
Syl reactions, 182 
abbreviated summary, 211 
comparison with Sy2 reaction, 203 
effect of ion pairing on 
stereochemistry, 204 
racemization reactions in, 195 
reaction coordinate diagram for, 189 
relative rates of, 191 
Sp2 reactions, 182, 196 
abbreviated summary, 211 
comparison with Sy] reaction, 203 
in formation of phosphonium salts, 
685 
in preparation of crown ethers, 969 


in preparation of methoxmethyl 
acetals, 641 
in protection of serine side chain, 937 
inversion of configuration in, 198 
involvement of antibonding MOs in, 
309 
of ketone enolate ions, 759 
relative rates of, 197 
solvent effects on, 198 
Sp?’ reaction, 210 
SwAr reactions, 592-593 
Soap, 717 
Sodamide, see Sodium amide 
Sodium 1-butanethiolate, 227 
Sodium amide, 150, 497 
in E2 reactions to form alkynes, 252 
in reactions with pyridine derivatives, 
869 
Sodium borohydride 
for removal of mercury(II) ions, 274 
in reactions with protons, 613 
in reduction reactions of aldehydes 
and ketones, 612 
in reduction reactions of 
carbohydrates, 658 
in reduction reactions of imines, 675 
with cerium chloride for reduction of 
enones, 843 
Sodium cyanoborohydride, 675 
Sodium ethoxide, 150 
Sodium hydride 
in alkylation of carboxamide ions, 772 
in formation of alkoxide ions, 218 
in formation of cyclic ethers, 220 
in formation of phosphorus ylides, 
685 
Sodium, in liquid ammonia, 375 
Sodium methoxide, 150 
Solid-phase peptide synthesis, 939 
Solubility, of racemates, 114 
Solvated electrons 
in reduction reactions of alkynes, 375 
in reduction reactions of enones, 846 
Solvation energies, of alkali metal ions, 
974 
Solvent effects 
influence of hydrogen bonds on, 69 
in radical reactions, 366 
in Syl reactions, 184 
in Sy2 reactions, 198 
Solvolysis reactions, 188 
Solvomercuration, 274 
Sorbitol, 659 
L-Sorbose, as reagent for epoxidation 
reactions, 545 
D-Sorbose, 655 
Spectrometer frequency, 401 
relationship to /values, 421 
Spherands, 973 
Spin coupling, see also Spin-spin splitting 
in 135C NMR spectra, 427 


Spin quantum number, 398 
Spin-forbidden reactions, 339 
Spin-spin splitting, 410 
deconstruction of, 422 
in ]-bromopropane, 422 
in complex systems, 420 
in propanal, 421 
in substituted benzene rings, 568 
of diastereotopic protons, 533 
patterns of, 410 
designations for complex, 421 
in aliphatic groups, 411 
in aromatic compounds, 413 
in ІН NMR spectra, 410 
quartet pattern in, 409 
tree, 421 
triplet pattern in, 409 
Spirocyclic compounds, 99 
staggered conformations of, 79 
Squalene, 281 
Stabilities 
of alkenes, 243, 244 
of carbocations, 183, 189 
of products 
in conjugated diene reactions, 316 
in El reactions, 242 
in E2 reactions, 247, 248 
of radicals, 369 
Staggered conformation, 79 
Standard conditions, 89 
Standard free energy, 89 
Standard Gibbs free energy, 161 
Staphylococcal nuclease, 946 
Starch, 654 
Step-growth polymerization, 904 
Stepwise addition, in hydrogenation 
reactions, 335 
Stereocenters, 113 
in cyclic molecules, 121 
Stereochemistry, 77, 105-132 
definitions, 113 
endo and exo, 322 
of o-amino acids, 923 
of alkene epoxidation reactions, 344 
of alkene reactions with osmium 
tetroxide, 341 
of cyclopropanation reactiohs, 293 
of electrophilic alkene addition 
reactions, 271-274 
of hydroboration reactions, 287 
of hydrogenation reactions, 335 
of Syl reactions, 195 
of Sy2 reactions, 198 
Stereogenic carbon atom, 112, 118 
Stereoisomers, 105, 113 
maximum number of, 124 
table of definitions, 113 
Stereoselective, 271 
Stereoselectivity 
in synthesis, 511 
in Wittig reactions, 687 


Stereospecific, 271 
Stereospecificity 
in cyclopropanation reactions, 293 
in epoxidation reactions of alkenes, 
344 
in formation of vicinal halohydrins, 
272 
in hydroboration reactions, 287 
in hydrogenation reactions of alkenes, 
335 
in hydrogenation reactions of alkynes, 
336 
in reactions of alkenes with halogens, 
271 
in reactions of alkenes with osmium 
tetroxide, 341 
in solvomercuration reactions of 
alkenes, 274 
Steric effects, 80 
as driving force for Е] reaction, 240 
in catalysis, 171 
in dissolving metal reactions, 376 
in electrophilic aromatic substitution 
reactions, 575 
in hydroboration reactions, 288 
in reactions of naphthalene, 861 
in Sy2 reaction transition states, 197 
influence on nucleophilic properties, 
180 
Steroids, 281 
Straight-chain alkyl group, 20 
Strain energy 
in small rings, 82 
relief in forming carbocations, 187 
B-Strands, 944 
$-trans conformation, 319 
Strecker reaction, 928 
Structure determination, 445 
use of IR spectra for, 459 
Structure verification, 445 
Styrene, 380 
dimerization of, 600 
in radical polymerization reactions, 
380 
Sublimation, 446 
Substituents, 9, 15 
in complex molecules, 22 
in cyclic compounds, 17 
in naming molecules, 26 
prefixes for multiple, 15 
priorities for assigning 
stereochemistry, 107 
Substitution reactions, 140 see also Syl 
and Sy2 reactions 
comparisons with elimination 
reactions, 253-257 
in amino acid syntheses, 929 
Substrate molecules, 169 
reactivity patterns in substitution 
reactions, 203 
Succinate, 746 
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Succinic acid, 749 
Succinimide, 373, 774 
Sugar, see Sucrose 
Sugars, see Carbohydrates 
Sulfate esters, as byproducts of E2 
reactions, 251 
Sulfides, see Thioethers 
Sulfonic acids, 4, 746 
Sulfur atoms 
chirality of, 122 
detection of, by mass spectrometry, 
454 
replacement with hydrogen atoms, 
374 
Sulfur dioxide, from thionyl chloride 
reactions, 216 
Sulfur trioxide, in electrophilic aromatic 
substitution reactions, 571 
Sulfur ylides 
in reactions with aldehydes and 
ketones, 690 
in Swern oxidation, 346 
Sulfuric acid 
in dimerization of isobutylene, 279 
in El reaction, 240 
in E2 reactions of primary alcohols, 
251 
in electrophilic addition of H5O to 
alkenes, 270 
in electrophilic aromatic substitution 
reactions, 571 
Super glue, 836, 903 
Superimposable (molecules), 111 
Superoxide dismutase, 383 
Superoxide ion, 382 
Suzuki reaction, 504-506 
Swern oxidation, 346 
Symmetric stretching vibrations, 458 
Symmetry 
elements of, 399 
importance in solvents for 5C NMR 
spectra, 430 
in radical bromination reactions, 372 
Syn-addition 
in alkene epoxidation reactions, 344 
in cyclopropanation reactions, 293 
in dichlorocarbene reactions, 295 
in hydroboration reactions, 287 
in hydrogenation reactions of alkenes, 
335 
in hydrogenation reactions of alkynes, 
336 
in reactions of alkenes with osmium 
tetroxide, 341 
Syn conformation 
in DNA, 967 
Syndiotactic polymers, 897 
Syn electron pairs, 977 
Syn isomer, of oximes, 673 
Syn-periplanar conformation, 80 
Synthesis, 506-516 
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Synthetic tree, 506 
Systematic name, 9 


T 
D-Tagatose, 655 
p-Talose, 644 
Tandem addition-alkylation 
in Michael reactions, 836 
in organocuprate reactions, 840 
with PhSeCl and organocuprates, 840 
Tartaric acid, 526 
stereoisomers of, 114 
Tautomerism 
in alkyne hydration reactions, 278 
in alkyne hydroboration reactions, 
291 
in conjugate addition reactions, 828 
in decarboxylation reactions, 768 
in enol reactions, 752 
in formation of enediols, 753 
Tautomers, 278 
of heterocycles, 957 
Teflon, 917 
Template effets, 970 
Template strand, 963 
Terminal alkenes 
as product of Wittig reaction, 686 
Terminal carbon atoms, 13 
Termination 
in polymer formation, 899 
of alkyl halide reduction reactions, 
377 
of HBr addition reactions of alkenes, 
379 
of methane chlorination, 365 
of radical reactions, 364 
of reactions using tributyltin hydride, 
377 
Terpenes, as chiral precursors, 525 
o-Terpinol, 284 
teri, as abbreviation for tertiary, 21 
Tertiary alcohols 
as products of Grignard reactions, 
492, 493 ` 
as product of Grignard reactions with 
esters, 727 
inertness toward oxidants, 348 
in ester formation, 710 
Tertiary amides, 20 
Tertiary amines, 20, 151 
oxidation to Noxides, 354 
Tertiary carbon atoms, 19 
Tertiary hydrogen atoms 
in bromination reactions, 371 
in chlorination reactions, 369 
Tertiary structures, of proteins, 946 
Test for alkene т bonds, 271 
Tetrabromoaluminate ion, 192 
Tetradecane, 10 
Tetrafluoroboric acid, 590 
Tetrahedral carbon atoms, 77 


Tetrahedral intermediate, 704 
in acid chloride formation, 709 
in acid chloride reactions, 710 
in biochemical ester formation, 714 
in Claisen condensation, 803 
in ester hydrolysis, 716 
in esterification, 707 
in peptide bond hydrolysis, 721,723 
in polyester formation, 906 
in protein hydrolysis, 943 
in reactions of anhydrides, 712 
in reactions of esters with amines, 715 
in reactions with Grignard reagents, 
727 
in reactions with organocuprate 
reagents, 725 
in thiolase reactions, 813 
in transesterification, 718 
Tetrahedron, 51 
and sf? hybridization, 52 
drawing of, 53 
Tetrahydrofuran, see THF 
Tetrahydropyran, see THP 
Tetralin, 393 
Tetramethylsilane, seeTMS 
Thalidomide, 527 
racemization of, 754 
Theobromine, 956 
Thermodynamic enolate, 757 
Thermodynamic products 
in addition reactions of conjugated 
dienes, 316 
in El reaction, 242 
in naphthalene substitution reactions, 
862 
Thermoplastics, 896 
Thermoset plastics, 896 
Thexylborane, 287 
THF 
as polar aprotic solvent, 200 
as solvent for enolate ion formation, 
756 
as solvent for LiAIH, reactions, 613 
as solvent for Michael reactions, 835 
as solvent for ylide formation, 685 
complex with borane, 286 
Thiacyclohexane, 227 
Thiamine, 881 
Thiamine pyrophosphate, see TPP 
Thiazole, 879 
Thiazolium ion, 881 
in benzoin condensation, 885 
in TPP, 882 
Thin layer chromatography, see TLC 
Thioacetals, 642 
Thioacetic acid, 226 
Thiocarboxylic acid, in Mitsunobu 
reaction, 217, 218 
Thioesters, 713, 714 
in fatty acid metabolism, 811 
Thioethers, 227, 228 


as products of substitution reactions, 
179 
methods of preparation for, A5 
reactions with Raney nickel, 375 
Thiolase, 812 
Thiolate ions, 226, 227 
as base in glycolysis, 797 
as nucleophiles, 179 
Thiols, 4, 226 
as acids, 144 
conversion to disulfides, 946 
in formation of thioacetals, 642 
proton exchange in, 414 
removal of sulfur with Raney nickel, 
375 
Thionyl chloride 
as electrophile, 156 
in alcohol substitution reactions, 215 
in formation of acid chlorides, 709 
Thiophene, 877-878 
Thorpe reaction, 820 
THP ethers 
hydrolysis of, ^41 
preparation methods for, 641 
Three-center bonds, 285, 542 
L-Threonine, 922 
p-Threose, 644 
Thromboxane Ag, 31 
Thromboxanes, 384 
Thujane, 103 
Thymidine, 954 
Thymine, 954 
preparation via tandem 
addition-alkylation, 841 
Tiglic aldehyde, 134 
Tin(II) chloride 
as Lewis acid, 153 
in reduction of nitro groups, 338 
Tin(IV) chloride, 958 
Titanium(III) chloride, 902 
TLC, 446 
TMS 
as reference compound in IC NMR 
spectra, 426 
as reference compound in ІН NMR 
spectra, 401 
Tollens’s test, 660 
Toluene, 11, 24 
pToluenesulfonate ion, see Tosylate 
f Toluenesulfonic acid, 637 
Torsional angle, 79 
Torsional strain, 83 
Tosylate, 213 
TPP, 881-885 
conjugate base of, 882 
Trans isomers 
as products of dissolving metal 
reactions, 375 
of alkenes, 106 
of disubstituted cyclohexanes, 92 
Trans-addition, see anti-Addition 


є 
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Transaldolase, 799 
Transamination reactions, 679 
Transannular interactions, 98 
Transcription of DNA, 921 
Transesterificaiton, 717 
in fatty acid metabolism, 812, 813 
in polyester formation, 906 
Transition metal organometallic 
compounds, 498-506 
effects on reactivity, 501 
reaction mechanisms for, 501 
with the Ср anion, 564 
"Transition states, 159, 160 
cyclic, in Diels-Alder reaction, 320 
cyclic, in ozone reactions, 339 
diastereomeric, 531 
five coordinate, 197 
in radical halogenation reactions, 
371 
in short-chain branching, 900 
prediction using Hammond postulate, 
190 
stabilization of, by catalyst, 164 
stabilization of, in protein hydrolysis, 
721, 722 
Translation of RNA, 921 
Trialkylphosphites, in substitution 
reactions, 215 
Tributyltin hydride, 376 
in ring-forming reactions, 381 
Tributyltin radical, 376 
Trichloromethyl anion, 294 
Tridecane, 10 
Trienes, 11, 303 
Triethylamine 
basicity of, 151 
in formation of sulfonate esters, 213 
in Swern oxidations, 347 
Triethylborane, 286 
Triethyl phosphite, 688 
Triflate, 213, 214 
Trifluoroacetic acid, 293 
for removal of Boc groups, 931 
Trifluoromethanesulfonate ion, see also 
Triflate 
Trigonal bipyramidal intermediate 
in DNA biosynthesis, 963* 
in phosphorylation reactions, 960 
Trigonal planar geometry, 51 
Trihaloketones, 755 
Trihalomethyl carbanion 
as leaving group in baloform reaction, 
755 
Trimethyl phosphite, 688 
Trimethy] phosphate, 959 
&-N,N,N-Trimethyllysine, 924 
Trimethylphosphite, 688 
Trimethylsilyl group, 513 
in nucleoside synthesis, 959 
Trimethylsulfonium iodide, 228 
Tripeptide, 167 


Triphenylphosphine 
as reactant in Mitsunobu reactions, 
216 
in synthesis of phosphorus ylides, 685 
Triphenylphosphine oxide 
from Mitsunobu reactions, 217 
from Wittig reaction, 686 
Triphenylphosphonium methylide, 684 
Triphosphate ion, 228 
Triple bond, 2 
fi bonds in, 57 
IR stretching vibrations of, 461 
Triplet methylene, 74 
Triplet oxygen, 338 
Trisaccharides, 652 
Trisulfide group, 388 
Trivial names, 9 
Tryptophan, 878-879, 922 
В-Тигп, 946 
Twist-boat conformation 
of cycloheptane, 86 
of cyclohexane, 98 
L-Tyrosine, 168, 922 
as precursor to L-DOPA, 526 


U 
Ultraviolet light (see UV light) 
Undecane, 10 
Unimolecular reaction, 182, 240 
«,B-Unsaturated aldehydes 
as products of aldol reactions, 788, 
789 
o, f-Unsaturated carbonyl compounds 
as products from Horner-Emmons 
reaction, 689 
methods of preparation for, АБ 
reactions with 
alcohols, 832 
amines, 831 
enolate ions, 835 
HCN, 830 
hydride reagents, 843-844 
hydrogen and catalysts, 844-845 
organometallic compounds, 
838-840 
stabilized enolate ions, 834 
thiols, 832 
water, 828 
a,B-Unsaturated ketones, see also Enones 
as products of aldol reactions, 791, 
792 
as products of phenylselenoxide 
elimination reactions, 762 
in calicheamicin cyclization reaction, 
388 
Unsaturation sites, 448 
Unshared electron pairs, 36 
in Lewis bases, 153 
stereochemical priority of, 122 
Upfield, 402 
Uracil, 954 
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Urea, 910, 977 
Urethanes, 910 
Uric acid, 956 
Uridine, 954 
UV light, 138, 363 
in radical bromination reactions 
of propane, 371 
of symmetrical alkanes, 372 
in radical chlorination reactions 
of isobutane, 369 
of methane, 364 
of propane, 368, 371 


V 


Valence bond representation 
of acetylene, 57 
of allyl radical, 66 
of benzene, 63 
of benzyl cation, 65 
of 1,3-butadiene, 305 
of DMF, 62 
of ethylene, 55 
of formaldehyde, 60 
of furan, 877 
of hydrogen cyanide, 61 
of imidazole, 879 
of methane, 53 
of methanol, 60 
of methyl carbanion, 59 
of methyl carbocation, 58 
of methylene carbene, 59 
of methyl radical, 59 
of naphthalene, 860 
of 1,2-propadiene, 306 
of propene, 56 
of pyridine, 566, 865 
of pyrrole, 566, 873 
of thiophene, 566, 877 
Valence bond theory, 49 
Valence electrons, 36 
Valence shell electron-pair repulsion, see 
VSEPR model 
Valine, 168, 922 
Valinomycin, 973, 974 
Valium, 696 
Vaporization, in mass spectrometers, 449 
Verification of structures, 445 
Vibrational frequencies, 458 
for alkyne C-H bonds, 462 
for carbonyl groups, 463-468 
for N-H bonds, 461 
for O-H bonds, 461 
for sp? С-Н bonds, 460 
for sf? С-Н bonds, 460 
for triple bonds, 461 
Vicinal, 252 
chiral, 546 
cleavage reactions with periodate ion, 
342 
coupling, 410 
dihaloalkane, 270 
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ialohydrins, 272 

yl alcohols, 182 see also Enols 

rom alkynes, 291 

automerism reactions of, 278 

1пуі-9-ВВМ, 327 

yl boranes, 291 

yl carbanions, 376 

yl carbocations 

is intermediates in alkyne addition 
reactions, 277 

1yperconjugation in, 188 

1yl chloride, 895 

уу] group, 24 

1yl halides, 182 see also Alkenyl halides 

xydration of, 611 

Srignard reagents from, 490 

-eactions with organocopper 
compounds, 499 

лу hydrogen atoms, 373 

ayl radical cation, 376 

iylidene dichloride, 894 

ayltriphenylphosphonium chloride, 
327 

sualization, in assignment of 
configurations, 118 

talism, 1 

tamin B, 881 

tamin Be, see Pyridoxine 

tamin B12, 383 

ton, 917 

3EPR model, 51 

for heteroatoms, 60 

Џсапіхайоп, 919 
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agner-Meerwein rearrangement, 192 
alden inversion, 198 


Water, 2, see also Hydrolysis 
as acid, 144 
as leaving group in El reactions, 240 
as leaving group in E2 reactions, 251 
as leaving group in substitution 
reactions, 212 
as nucleophile with bridged 
(aceto)mercury ions, 274 
as nucleophile with bridged halonium 
ions, 272 
Watson, James, 957 
Watson-Crick pairing, 979 
Wave equation, 49 
Wave function, 49 
Wavenumbers, in IR spectra, 458 
Wedge bonds, see Filled-wedge bonds 
Weight-average molecular weight, 896 
Wilkinson's catalyst, 502-504 
alkene reactivity toward, 503 
Williamson ether synthesis, 219 
as possible polymer-forming reaction, 
909 
in preparation of crown ethers, 969 
in protection of serine side chain, 937 
use of solvomercuration as alternative 
. to, 276 
Wittig reaction, 686-687 
with polymersupported reagent, 912 
Wohl degradation, 741 
Wolff-Kishner reaction, 674 
Woodward-Hoffmann rules, 320 
Workup 
of amide hydrolysis reactions, 719 
of Claisen condensations, 803 
of Grignard reactions, 491 
of ozonolysis reactions, 340 
of saponification reactions, 717 


x 
X-ray crystallography, 
in probing D-glyceraldehyde 
configuration, 151 
Xylene, 567 
Meso-Xylitol, 659 
D-Xylose, 644 
D-Xylulose, 645 
D-Xylulose 5-phosphate, 884 


Y 
Yield, see Product yield 
ylidene, as nomenclature suffix, 244 
Ylides 
attached to cross-linked polystyrene, 
918 
in Swern oxidation, 347 
of TPP, 882 
phosphorus, 684-689 
sulfur, 689—691 
yne, as nomenclature suffix, 4, 11 


2 
7, as stereochemical prefix, 107 
z, as molecular charge, 449 
Z-DNA, 967 
Zisomer, 107 
Ziegler, Karl, 902 
Ziegler-Natta polymerization, 902 
Zinc 
in ozonolysis work-up procedures, 340 
in reduction of nitro groups, 338 
Zinc amalgam, 621 
Zinc chloride, as Lewis acid, 642 
Zusammen, (2), 107 
Zwitterions 
in amino acid structures, 923-924 
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A classification of nucleophiles according to their basicity and nucleophilicity 


properties (Table 6.3). 
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